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jaren niet alleen uit rozengeur en maneschijn. Dagen, weken, zelfs maanden gingen
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artikelen in wetenschappelijke vakbladen en goedgewaardeerde lezingen op (buiten-
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Deze periode is heel belangrijk geweest voor het onderzoek.
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tieonderzoek vele malen moeilijker zijn geweest.
Het laatste jaar was erg succesvol mede dankzij de samenwerking met Toyokazu
Yamada. Ik hoop dat ik voor Toyo een even goede leermeester ben geweest als Aidan
voor mij is geweest. Ik ben erg blij dat de STM-opstelling, die zoveel bloed, zweet en
tranen heeft gekost, in Toyo’s handen een (hopelijk gouden) toekomst heeft.
Jan Hermsen en Jan Gerritsen hebben grote bijdragen geleverd bij het tot stand
komen van de nieuwe STM-opstelling. Beetje bij beetje heb ik van hen veel geleerd
over mechanische zaken, elektronica, of gewoon hoe je een meting moet uitvoeren. Ik
heb veel respect voor hun enorme kennis en ben uiterst dankbaar dat zij een beetje
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hiervan met mij hebben willen delen. Jan Hermsen wil ik vooral bedanken omdat
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acute nood. Op deze plek wil ik ook Albert, Tonnie, en Wiesiek vermelden voor hun
uitstekende hulp bij allerlei kleinere zaken.
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heaterunit en regelprogramma.
I would like to thank Peter Varga and his group in Vienna for their hospitality
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go to Michael Schmid who learned me a lot about surface science and who spent a
lot of time correcting my vanadium manuscripts and answering my e-mails.
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Changming Fang, Rob de Groot, en Josef Redinger van uiterst belang geweest.
Voor de zaken die niet direct met het onderzoek te maken hebben wil ik Riki
Gommers en Marilou van Breemen bedanken. Voor allerlei kleinigheden kon ik altijd
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tende OiO veel lief en leed gedeeld met Erich. Ook mag zijn hulp bij het schrijven
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Tenslotte gaat mijn allergrootste dank uit naar de mensen thuis. Mijn ouders wil
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Chapter 1
Introduction
The invention of the scanning tunneling microscope (STM) in 1981 by Binning and
Rohrer [1] has had a tremendous impact on the development of surface science. First
of all, it enabled to study the atomic structure of conducting surfaces (which are
often found to be different from bulk structures, i.e. reconstructed) with atomic
resolution in real space. Secondly, the possibility of investigating growth processes
at the atomic scale has lead to major progress in homo- and heteroepitaxial thin
film growth. Recently, STM is being used to study new physical phenomena on the
nanoscale and can even be used to built these nanostructures [2]. Interestingly, not
only the focus of physics but also of chemistry and biology moves to this length
scale and, naturally, STM and related techniques 1 will play a key role in this new
multidisciplinary research.
Although the strength of STM as an imaging tool has been well established, in-
terpretation of STM images can still be a challenge. The reason is that the electronic
structure of tip and sample and tip-sample interactions may have a strong influence
on the imaging process. Examples of these complications are the observation of anti-
corrugation (i.e. the imaging of the atoms as depressions instead of protrusions), e.g
[4, 5], chemical contrast in alloyed surfaces with special tip conditions, e.g. [6, 7], and
chemical contrast due to electronic effects, e.g. [7–10].
Besides topographic imaging, the STM offers the possibility of probing the en-
ergy dependence of the electronic states in the sample and the tip permitting the
examination of electronic states with spatial selectivity, i.e. scanning tunneling spec-
1After the invention of the STM, many related instruments which are called scanning probe
microscopes (SPMs) were developed which all have in common that they measure locally (down
to an atomic scale) a physical interaction: e.g. STM measures the tunneling current, atomic force
microscopy (AFM) a force, and near-field optical microscopy the local interaction with light (see e.g.
[3] for a comprehensive review of scanning probe techniques). The utmost importance of these kind
of instruments for the development of current technologies is obvious.
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troscopy (STS). In contrast to semiconductor surfaces, until 1995 the application to
metal surfaces was not very widespread and limited to surfaces of noble metals like
Au, Ag and Cu (see e.g. [11]). In those early days of STM, it was even believed
that d and f band electrons could not contribute to STS measurements due to their
spatial localization [12]. Furthermore, unlike for semiconductor surfaces, tunneling
spectra obtained on metal surfaces were relatively featureless. This view changed in
1995 when Stroscio et al. reported the observation of a strong feature in dI/dV tun-
neling spectra obtained on Fe(001) which was attributed to a dz2-like surface state
[13]. The same kind of surface state was also detected on Cr(001) and since their
peak energies in the dI/dV curves were significantly different, i.e. +0.17 eV and
−0.05 eV for Fe(001) and Cr(001), respectively, these strong features in dI/dV could
be used as chemical fingerprints for Fe and Cr atoms enabling to distinguish these
atoms in an alloyed surface [9]. The spin-polarized character of the Cr(001) surface
state was used by Kleiber et al. to image the antiferromagnetic ordering of the {001}
layers and magnetic domain structures with Fe-coated W tips [14]. The same group
also detected d-like surface states on strained Fe islands grown epitaxially on W(110)
[15–17], Gd(001) films [18], and Tb(001) films [19].
Recently, STS experiments revealed that impurities and steps lead to a local
quenching and additional broadening of surface states on close-packed noble metal
(111) surfaces [20, 21]. Furthermore, scattering of these states at impurities and steps
results in quantum interference effects (see e.g. [22]). In contrast, although Bieder-
mann et al. showed that one-dimensional localization leads to an upward shift of the
Fe(001) surface state [23], the real power of STS, i.e. studying the local influence
of defects like e.g. steps and impurities on the electronic structure, has been hardly
utilized for transition metals until now.
In this thesis an extensive STS study on the surface states on Fe(001) and V(001)
surfaces will be presented. The main motivation is to see to what extent these states
can be used as chemical fingerprints. Important questions in this context are: how are
these states influenced by imperfections such as impurities and steps? Furthermore,
one would like to know how these states are influenced when submonolayers of another
material are deposited on top of the transition metal (001) surfaces. For this purpose,
a study on the growth of thin films of Mn and Au on the Fe(001) surface will be
presented in this work. If intermixing occurs, even new states may appear as reported
for Cr/Fe(001) [9]. However, in Ref. [9] only experiments in the dilute limit were
reported and until now nothing is known about the more complex situations which
may arise for higher concentrations of mixed foreign atoms. In the latter situation
different domains of ordered structures may appear and different electronic structures
are to be expected.
Besides this chemical identification driven motivation, STS experiments on transi-
tion metal surfaces are also interesting since STS offers an unique opportunity to study
the surface electronic structure down to the subnanometer scale. This is in strong
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contrast to more conventional techniques such as angle-resolved photoemission spec-
troscopy (ARPES) and inverse photoemission spectroscopy (IPS) which average their
spectroscopic information over areas comparable to their photon or electron beam
size. Furthermore, while with ARPES only occupied and with IPS only unoccupied
states can be studied, with STS both occupied and unoccupied states (however, in a
small range of typically ±1 eV around the Fermi level) can be studied within a single
measurement. Knowledge of the local electronic structure at and above the surface is
of utmost practical importance since it may be directly or indirectly related with gas
adsorption (i.e. catalysis) [24], growth mode [24–27], and surface magnetism [19, 24].
In the next section the concept of surface states will be reviewed and discussed.
The sections on STM and STS describe the background of these techniques. Finally,
an overview of the experiments that will be described in this thesis will be given.
1.1 Surface States
1.1.1 History
The history of surface states started in 1932 with the publication “On the possible
bound states of electrons on a crystal surface” by Igor Tamm. In this work [28]
Tamm showed that if the periodic Kronig-Penney potential was abruptly terminated
as a means of representing the surface, discrete energy levels appeared in energy
gaps which are inaccessible to electrons in infinite crystals. After Tamm’s publication
several theoretical works on surface states appeared which all more or less used tight
binding approximations to show that new states appear in bulk band gaps when the
potential at the surface atoms is changed. In 1939 William Shockley studied surface
states from a different perspective by investigating how their energy levels originate
from the discrete atomic levels when the separated atoms are brought together to form
the crystal. As explained in any basic textbook on solid state physics, starting from
their atomic levels, bands are formed in this process. Since the bands broaden when
the atoms come closer, i.e when the bonds become stronger, at some point different
bands may cross and overlap. In analogy to the splitting in bonding and antibonding
states of degenerate atomic states of the same symmetry, crossing energy bands of
equal symmetry hybridize and consequently a band gap is opened 2. At the surface,
however, the broken symmetry allows states to exist in the symmetry gaps. Note
that in this mechanism surface states arise even without explicitly perturbing the
potential at the surface atoms. Since Shockley’s mechanism was in this perspective
different from the approaches reported before him, from that time on surface states
were classified into Tamm and Shockley states. However this classification is based
upon simple model calculations and surface states appearing in nowadays’ real ab
2Energy bands with different symmetries, i.e. which belong to different irreducible representa-
tions, do not interact and are allowed to cross.
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initio self-consistent bandstructure calculations both contain symmetry and surface
potential ingredients which makes this classification rather artificial 3. Interestingly,
the concept of surface states started as a pure theoretical one and hardly draw the
attention of experimentalists. The reason was that surface states were believed to
lead to only subtle perturbations (surface is small compared to bulk!) and techniques
to study them had not been developed yet. A good discussion on this controversy
and complete historical overview are given by Davison [28].
The first experimental proof for the existence of surface states was given in 1947
by Shockley. Simple work function measurements of n- and p-type Si revealed the
occurance of band bending effects which was an indirect proof of the existence of sur-
face states. Nevertheless, only at the end of the 1960s surface states fully appeared
in the focus of experimentalists. In 1966, Swanson and Crouser found a significant
deviation from free-electron theory of the observed field-emission spectroscopy results
obtained on W(001) and Mo(001) [29, 30]. This experimental discovery triggered a
large amount of theoretical and experimental studies to explain the nature of the
so-called Swanson-hump. In 1970 it was Plummer who postulated that the observed
structure at 0.37 eV below the Fermi level in the W(001) field-emission energy distri-
bution was due to a surface state [31].
1.1.2 Surface states on bcc(001) transition metal surfaces
During the decade that followed, ARPES studies were reported on W(001) and
Mo(001) surfaces. This technique allows to discriminate between bulk and surfaces
states by variation of the incident photon energy (or dosage of contaminating gases),
to resolve states with different k-vectors by variation of the incidence or detection
angle, and to determine the symmetry of electronic states by variation of the polar-
ization of the photon beam (see e.g. [32]). With this technique it was established that
surface states exist on W(001) and Mo(001) near the Fermi level (−0.3 and −0.2 eV,
respectively). These states are located at the center of the surface Brillouin zone and
consist mainly of dz2 orbitals [33]. The same technique later established the existence
of similar surface states on other bcc(001) surfaces, i.e. Cr(001) [34], Fe(001) [35–37],
Ta(001) [38], Nb(001) [39], and V(001) [40] 4.
The existence of these kind of surface states is characteristic for bcc(001) surfaces.
Transition metals have a high density of d states around the Fermi level. In the fcc
structure, the d electrons are delocalized due to the high number of nearest neighbors
and consequently the local density of states (LDOS) is a broad single peak as shown
in Fig. 1.1(a). In the bcc structure, however, the d bonds are much more directed and
the crystal field splits the states into a bonding and antibonding LDOS component
3Davison remarked about this in his book “bad habits die hard” [28].
4Of course, this technique also showed the existence of surface states on other metal and semi-
conductor surfaces (see e.g. [32]). In this thesis, however, only bcc(001) surfaces are considered.
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Figure 1.1: Sketch of local density of states for transition metals. (a) shows a
peak at the Fermi level due to delocalized d electrons. This situation is typical
for fcc metals. In a bcc metal the d-derived LDOS peak splits into a bonding
and antibonding part due to the directed bonds. This crystal field splitting is
typically 2-3 eV. The dashed curve in (b) shows that at the surface due to the
reduced coordination of the surface atoms states are found in the bulk gap. (c)
shows the splitting of the bands due to the exchange interaction in a ferromagnetic
bcc(001) metal, i.e. Fe, leading to a majority spin band (upper one, spin up) and
a minority spin band (lower one, spin down). 0 indicates the Fermi level.
[Fig 1.1(b)]. At the surface bonds are broken which destroys the hybridization leading
to bonding and antibonding states. The result is that states appear in the bulk gap
as the dashed curve in Fig. 1.1(b) shows. Since at bcc(001) surfaces the surface states
at Γ¯ arise from states in a hybridization gap opened between two ∆1 bands along the
ΓH line, symmetry requires these states to be s, pz, d3z2−r2-like at this k-point.
In ferromagnetic materials like Fe, the exchange interaction splits the states further
into majority and minority spin LDOS components as shown in Fig. 1.1(c). The
exchange splittings for bulk and surface are generally not equal. For example Fang
et al. reported values of 2.15 eV for the bulk and 2.66 eV for the Fe(001) surface [41].
1.2 Scanning Tunneling Microscopy
If a sharp conducting needle (the tip) is brought within a few atomic distances from
a conducting surface, quantum mechanics predicts that there is a probability that an
electron can jump from the tip to the surface and vice versa: the tunnel effect. By
applying a voltage V between the tip and the surface, a current I can flow which
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depends exponentially on the distance between the tip and the surface s 5:
I ∼ V exp(−2κs). (1.1)
In this simple approximation the decay rate k is given by
√
(2mΦ)/~2 where Φ
is the average workfunction of the tip and the sample. For common materials k
is 1 × 10+10 m−1 and consequently, the tunneling current drops about one order of
magnitude if the tip-sample distance is increased by 0.1 nm. This strong z dependence
of the tunneling current is utilized in the STM. The tip is scanned by means of
piezo-electric transducers over the surface: an upward (downward) step leads to a
smaller (larger) tip-sample distance and consequently to a larger (smaller) tunneling
current. A feedback system is used to maintain a constant current by regulating the
distance between sample and tip. In this way, the movements of the tip (x, y and z
displacements) compose an image of the surface. The fact that very small currents
(a few pAs to a few nAs) and tip-sample distances (usually 0.5-1nm) are used makes
the STM very sensitive to the electronic and mechanical design: these factors are the
reason why the STM was only invented about 60 years after the birth of quantum
mechanics!
Unfortunately, the tunneling current does not only depend on the tip-sample dis-
tance but is also influenced by the workfunction, electronic structure, chemical bonds
and local forces. Examples of this can be found in this thesis. If a material is de-
posited on a substrate of another material, the difference in workfunctions may lead
to an additional effect on the tunneling current and consequently height differences
cannot be interpreted anymore as geometrical ones (see chapter 6). Furthermore, if
the tip-sample distance becomes very small (which is often the case during atomically
resolved imaging) tip-sample interactions such as forces and chemical bonds may play
a key role. The latter is often assumed if chemical contrast is observed with certain
tips but not with others (see chapter 5 and 6). The influence of the electronic struc-
ture on the tunneling current is utilized in STS and will be described in the following
section. As already mentioned in the beginning of this chapter, STS gives an oppor-
tunity to discriminate between atoms of different chemical species and is the main
motivation behind the studies reported in this thesis.
As mentioned previously, STM images show the z displacements of the tip dictated
by the feedback system in order to maintain a preset constant tunneling current when
the tip is laterally scanned over the surface (x, y displacements). Figure 1.2 shows
three types of images as used in this thesis. In Fig. 1.2(a) the grey scale is linear
and bright (dark) corresponds to a high (low) height. The line profile of Fig. 1.2(c)
shows this very clearly: the island is 0.14nm higher than the terrace. However, in
Fig. 1.2(a) features with heights much smaller than the steps can hardly be observed.
In these cases differentiation of the STM image along the x direction may be helpful
5A good introduction to STM, both from theoretical and experimental point of view, is given in
the book of Chen [42].
1.2 Scanning Tunneling Microscopy 7
(a) (b)
z
[n
m
]
d
z
/d
x
x[nm]
(c)
0 2 4 6 8 10 12 14
-0.05
0.00
0.05
0.10
0.15
0.20
-0.2
-0.1
0.0
0.1
0.2
(a)
(b)
low highb
la
c
k
w
h
it
e
low highb
la
c
k
w
h
it
e(d)
Figure 1.2: Different representations of STM images (obtained on the Fe(001)
surface covered with 0.96 ML Au at 230◦C, see also Fig. 6.12). (a) Conventional
representation with linear grey scale: black (white) corresponds to low (high).
The islands are 0.14 nm high. The small low features on the terrace and islands
are hardly visible. (b) Image of (a) is differentiated along fast scan x (horizontal)
direction. Upward steps along scan direction appear bright, while downward steps
appear dark. (c) Line profiles along the black lines in (a) and (b). (d) The same
as (a) but now with a stepped grey scale: the black-white range corresponds to
0.05 nm on both islands and terrace. This representation puts the islands at the
same height as the terrace. The small low features are now clearly visible. The
insets in (a) and (d) show schematically the grey scales used. (010328/20). The
numbers in the figure captions of this thesis refer to the STM data files.
[Fig. 1.2(b)]. Upward steps along the x direction appear bright, while downward
steps appear dark as the line profile in Fig. 1.2(c) shows. Finally, stepped grey scales
may be used [Fig. 1.2(d)]. In this case, separated linear grey scales are used for the
terrace and the islands.
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1.3 Scanning Tunneling Spectroscopy
In this section the theoretical background of STS will be briefly reviewed. In the
semiclassical WKB approximation the tunneling current density between two planar
electrodes can be expressed by:
J (s, V ) ∼= 2pie
~
(
~
2
2m
)2 ∫ ∞
−∞
T (s, V, E) [f (E − eV )− f (E)] ρs (E) ρt (E − eV ) dE,
(1.2)
where s is the tip-sample distance, V is the sample bias voltage, T (s, V, E) is the
tunneling transmission probability, ρs(E) and ρt(E) are the LDOS of the surface and
tip, respectively. f(E) is the Fermi-Dirac distribution function. The dependence of
the tunneling probability on the momentum of the tunneling electron is ignored in this
simplified expression. For a trapezoidal barrier the tunneling transmission probability
is given within the WKB approximation as
T (s, V, E) ∼= exp
(
−2s
(
2m
~2
[
Φ¯ +
eV
2
− (E −E‖)
]) 1
2
)
, (1.3)
where Φ¯ = (Φt + Φs) /2 is the average of the tip and sample work functions and
E‖ = ~2k2‖/2m is the component of electron energy parallel to the junction interface
(k‖ is the component of the momentum which is parallel to the surface). Equations
1.2 and 1.3 show that in the calculation for the tunneling current at a particular
energy E the sample and tip LDOS (which also depend on k‖) are heavily weighted
by the tunneling probability. Therefore, tip and sample electronic states with k‖ ≈ 0
will dominate the tunneling current. The bcc(001) surface states previously discussed
all are arising from the Γ¯ point of the surface Brillouin zone. Stroscio et al. have
pointed out that for states at for example the Brillouin zone edge X¯ the tunneling
probability is reduced by a factor 10−4 at 1 nm from the surface compared to Γ¯ states
showing the importance of these states for STS [13].
In STS the first derivative of the tunneling current is usually analyzed:
dI (s, V )
dV
∼= A
[
eT (s, V, E) ρs (E) ρt (E − eV )
∣∣
E=eV
+
∫ eV
0
T (s, V, E) ρs (E)
dρt (E − eV )
dV
dE
+
∫ eV
0
dT (s, V, E)
dV
ρs (E) ρt (E − eV ) dE
]
, (1.4)
where A is a proportionality coefficient related to the effective tip-surface contact
area. If the second and third terms are neglected, a constant tip LDOS and a weak
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voltage dependence of the tunneling probability (which is satisfied for small bias
voltages) are assumed, dI/dV is proportional to the sample LDOS ρs. This simple
proportionality forms the basis of STS and mostly dI/dV measurements are directly
compared to calculated sample densities of states. Nevertheless, from the present
discussion it is already clear that the relation between dI/dV and the sample LDOS
might be much more complicated.
Ukraintsev recently showed that the second and third terms in equation 1.4 cannot
be neglected [43]. By rewriting equation 1.4 in a form symmetric with respect to the
tip and the sample, and defining:
T
′
(s, ξ) ≡ T (s, V, E) = exp
[
−2s
(
2m
~2
(
Φ¯− ξ)) 12
]
, (1.5)
he showed that for positive bias voltages when T
′
(s, eV/2)  T ′ (s,−eV/2), the
differential conductivity can be estimated as:
dI (s, V )
dV
∼= eA
2
T
′
(s, eV/2)
[
ρs (eV ) ρt (0) + ∆ρs (eV ) ρt (0)
−ρs (eV ) ∆ρt (0)
]
. (1.6)
∆ρs (eV ) and ∆ρt (0) are effective changes in surface and tip LDOS at energies
where the tunneling probability is close to its maximum value (see also Fig. 1.3). At
negative bias voltages, T
′
(s,−eV/2)  T ′ (s, eV/2) and the differential conductivity
can be estimated in a similar fashion:
dI (s, V )
dV
∼= eA
2
T
′
(s,−eV/2) [ρs (0) ρt (−eV ) + ∆ρs (0) ρt (−eV )
−ρs (0) ∆ρt (−eV )
]
. (1.7)
Equation 1.7 demonstrates that dI/dV at negative sample voltages is proportional
to the unoccupied tip LDOS (note that voltages are with respect to the sample).
Figure 1.3(a) and (b) show this asymmetry in the tunneling current very clearly.
Arrows in this figure indicate the weight of the corresponding states to the current.
Electronic states which experience the smallest tunneling barrier (which is always
(Φs + Φt − eV ) /2 in the middle of the trapezoidal barrier for these states), contribute
most to the tunneling current. This is the reason why the exchange-split partner of
the 0.17 eV minority surface state of Fe(001) cannot be detected in STS. It can be
calculated that the the tunneling probability for a state at 2 eV below the Fermi level
is reduced by a factor of 10−2 at 1 nm above the surface [13].
The asymmetry with respect to the sample and tip LDOS is illustrated by numer-
ical simulations of dI/dV from equation 1.2. Both the tip and the sample DOS were
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Figure 1.3: Asymmetry between tip and sample states in STS. (a) At negative
sample bias voltages the tunneling current is dominated by states tunneling from
the sample Fermi level to unoccupied tip states. (b) At positive bias voltages the
tunneling current is dominated by tunneling from the tip Fermi level to empty
sample states. (c) Model tip (dashed grey line) and sample LDOS (solid grey
line). The black curve shows the simulated dI/dV .
simulated by double peak Lorentzians with a constant background. The peaks in the
sample LDOS were set at −0.4 and +0.4 eV, in the tip LDOS at −0.2 and +0.2 eV.
A FWHM of 0.1 eV was chosen for the four peaks and equal background and peak
strengths were used 6. The model sample and tip LDOS are shown as the solid and
dashed grey curves in Fig. 1.3(c). An average work function of 4 eV, a tip-sample
distance of 1 nm and a temperature of 0 K were used in the simulation. The result is
shown in Fig. 1.3(c) and demonstrates that at positive bias voltages dI/dV reveals
the sample LDOS peak. At negative bias voltages dI/dV most clearly shows the tip
LDOS. The peak in the sample LDOS only shows up as a very weak shoulder. Fur-
thermore, both at negative and positive bias voltages additional peaks appear (above
+0.5V and below −0.5V) which are related to beating effects.
6Since the results are shown in arbitrary units, only the relative values for the tip/sample back-
ground and peak strengths are relevant.
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1.4 Scope and Outline of this Thesis
Firstly, in chapter 2 the ultra high vacuum (UHV) system used for the studies pre-
sented in this thesis will be described. This system had been rebuilt around a new
commercial Omicron STM. Utmost care was taken to keep vibrational levels as low
as possible and an analysis of these levels will be presented in chapter 2 as well. In
chapter 3 the preparation of the Fe(001) whisker samples will be discussed in de-
tail. A few contamination-induced structures which sometimes lead to faceting of the
Fe(001) surface will be presented. Chapter 4 presents the STS results obtained on the
Fe(001) surface. In this chapter, first the influence of a tip-dependent background on
the surface state peak energy will be analyzed. The high resolution of STS is utilized
to study the local effect of single impurities, steps, screw dislocations and sputtering
induced bumps on the Fe(001) surface state. The influence of confinement is studied
by growth of nanometer scale Fe islands.
Having extensively characterized the pure Fe(001) surface with STS, small amounts
of other elements were deposited. Mn was chosen since it is predicted to behave sim-
ilar to Cr/Fe(001) in the sense of alloying [44] and showing surface states [45]. Fur-
thermore, Mn on Fe(001) forms an interesting system for future spin-polarized STM
experiments [46]. For films thicker than 4MLs the layers are known to align antifer-
romagnetically, while below 4ML coverages conflicting results have been reported in
both experimental and theoretical works. The growth of Mn on Fe(001) is described
in chapter 5. In the submonolayer growth regime, the various structures observed
after growth between 50 and 200◦C will be characterized by STS. Growth of thicker
films (up to 8 ML) at 100◦C will be briefly discussed.
Chapter 6 describes the STM and STS results obtained on the Fe(001) surface
covered with Au. Au is often used to passivate the Fe(001) surface for experiments
under ambient conditions [47]. Furthermore, it has been frequently used as the nonfer-
romagnetic interlayer in Fe/Au/Fe magnetic multilayers (see [48] and Refs. therein).
Due to the close lateral matching of the crystal structures and the much lower surface
energy of Au(001) compared to Fe(001), ideal layer-by-layer growth is obtained as
reported by Van der Kraan for growth of about 5MLs [49]. Yet, indications for an
interface roughening for growth temperatures higher than 100◦C were reported. In
the present study, starting from the submonolayer regime and making use of STS, the
goal is to understand the earlier observations by Van der Kraan.
Finally, chapter 7 presents the STS results on another bcc(001) surface: V(001).
For the first time, the dz2 -like surface state is detected by STS on this surface. The
influence of carbon impurities and steps will be discussed. By performing dI/dV
measurements at a range of tip-sample distances it will be investigated if tip-sample
interactions can shift the surface state energy. This was proposed by Hofer et al. in
order to explain theoretically anti-corrugation on Fe(001) [5]. Highly contaminated
V(001) surfaces, or clean V(001) surfaces after oxygen dosing [50], show a (1 × 5)
12 Introduction
reconstruction. STS results will also be presented for this reconstructed surface and
show that in spite of large lateral displacements of the vanadium atoms still surface
states are detected.
References
[1] G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel, Surface studies by scanning
tunneling microscopy , Phys. Rev. Lett. 49, 57–60 (1982).
[2] D. M. Eigler and E. K. Schweizer, Positioning single atoms with a scanning
tunneling microscope, Nature 344, 524–526 (1990).
[3] R. Wiesendanger, Scanning probe microscopy and spectroscopy (Cambridge Uni-
versity Press, Cambridge, 1994).
[4] M. Schmid, M. Pinczolits, W. Hebenstreit, and P. Varga, Segregation of im-
purities on Cr(001) studied by AES and STM , Surf. Sci. 377-379, 1023–1027
(1997).
[5] W. A. Hofer, J. Redinger, A. Biedermann, and P. Varga, Limits of perturbation
theory: first principles simulations of scanning tunneling microscopy scans on
Fe(100), Surf. Sci. 466, L795–L801 (2000).
[6] M. Schmid, H. Stadler, and P. Varga, Direct observation of surface chemical
order by scanning tunneling microscopy , Phys. Rev. Lett. 70, 1441–1444 (1993).
[7] P. Varga, and M. Schmid, Chemical discrimination on atomic level by STM ,
Appl. Surf. Sci. 141, 287–294 (1998).
[8] D. Wortmann, S. Heinze, G. Bihlmayer, and S. Blu¨gel, Interpreting STM images
of the MnCu/Cu(100) surface alloy , Phys. Rev. B 62, 2862–2868 (2000).
[9] A. Davies, J. A. Stroscio, D. T. Pierce, R. J. Celotta , Atomic scale observations
of alloying at the Cr-Fe(001) interface, Phys. Rev. Lett. 76, 4175–4178 (1996).
[10] Y. J. Choi, I. C. Jeong, J. Y. Park, S. J. Kahng, J. Lee, and Y. Kuk, Surface alloy
formation of Fe on Cr(001) studied by scanning tunneling microscopy , Phys. Rev.
B 59, 10918–10922 (1999).
[11] M. P. Everson, L. C. Davids, and R. C. Jaklevic, Effects of surface features upon
the Au(111) surface state local density of states studied with scanning tunneling
spectroscopy , J. Vac. Sci. Technol. B 9(2), 891–896 (1991).
[12] Y. Kuk and P. J. Silverman, Scanning tunneling spectroscopy of metal surfaces ,
J. Vac. Sci. Technol. A 8, 289–292 (1990).
References 13
[13] J. A. Stroscio, D. T. Pierce, A. Davies, R. J. Celotta, and M. Weinert, Tunneling
spectroscopy of bcc (001) surface states , Phys. Rev. Lett. 75, 2960–2963 (1995).
[14] M. Kleiber, M. Bode, R. Ravlic, and R. Wiesendanger, Topology-induced spin
frustrations at the Cr(001) surface studied by spin-polarized scanning tunneling
spectroscopy , Phys. Rev. Lett. 85, 4606–4609 (2000).
[15] M. Bode, R. Pascal, and R. Wiesendanger, Nanostructural and local electronic
properties of Fe/W(110) correlated by scanning tunneling spectroscopy , Phys.
Rev. B 54, R8385–R8388 (1999).
[16] O. Pietzsch, A. Kubetzka, M. Bode, and R. Wiesendanger, Real-space observation
of dipolar antiferromagnetism in magnetic nanowires by spin-polarized scanning
tunneling spectroscopy , Phys. Rev. Lett. 84, 5212–5215 (2000).
[17] A. Kubetzka, O. Pietzsch, M. Bode, and R. Wiesendanger, Magnetism of
nanoscale Fe islands studied by spin-polarized scanning tunneling spectroscopy ,
Phys. Rev. B 63, 140407–1 (2001).
[18] M. Bode, M. Getzlaff, and R. Wiesendanger, Spin-polarized vacuum tunneling
into the exchange-split surface state of Gd(0001), Phys. Rev. Lett. 81, 4256–
4259 (1998).
[19] M. Bode, M. Getzlaff, A. Kubetzka, R. Pascal, O. Pietzsch, and R. Wiesendanger,
Temperature-dependent exchange splitting of a surface state on a local-moment
magnet: Tb(0001), Phys. Rev. Lett. 83, 3017–3020 (1999).
[20] J. Li, W.-D. Schneider, S. Crampin, and R. Berndt, Tunnelling spectroscopy of
surface state scattering and confinement , Surf. Sci. 422, 95–106 (1999).
[21] J. Kliewer, R. Berndt, E. V. Chulkov, V. M. Silkin, P. M. Echenique, and S.
Crampin, Dimensionality effects in the lifetime of surface states , Science 288,
1399 (2000).
[22] M. F. Crommie, C. P. Lutz, and D. Eigler, Imaging standing waves in a 2-
dimensional electron gas , Nature 363, 524–527 (1993).
[23] A. Biedermann, O. Genser, W. Hebenstreit, M. Schmid, J. Redinger, R. Pod-
loucky, and P. Varga, Scanning tunneling spectroscopy of one-dimensional surface
states on a metal surface, Phys. Rev. Lett. 76, 4179–4182 (1996).
[24] N. Memmel, Monitoring and modifying properties of metal surfaces by electronic
surface states , Surf. Sci. Rep. 32, 91–163 (1999).
[25] N. Memmel and E. Bertel, Role of surface states for the epitaxial growth on metal
surfaces , Phys. Rev. Lett. 75, 485–488 (1995).
14 Introduction
[26] M. Giesen, G. Schulze Icking-Konert, and H. Ibach, Interlayer mass transport
and quantum confinement of electronic states , Phys. Rev. Lett. 82, 3101–3104
(1999).
[27] K. Morgenstern, G. Rosenfeld, G. Comsa, E. Laegsgaard, and F. Besenbacher,
Comment on ”Interlayer mass transport and quantum confinement of electronic
states , Phys. Rev. Lett. 85, 468–471 (2000).
[28] S. G. Davison and M. Steslicka, Basic theory of surface states , in Monographs on
the physics and chemistry of materials , edited by C. J. Humphreys, P. B. Hirsch,
N. F. Mott, and R. Brook (Clarendon Press, Oxford, 1992).
[29] L. W. Swanson and L. C. Crouser, Anomalous total energy distribution for a
tungsten field emitter , Phys. Rev. Lett. 16, 389–392 (1966).
[30] L. W. Swanson and L. C. Crouser, Total-energy distribution of field-emitted elec-
trons and single-plane work functions for tungsten, Phys. Rev. 163, 622–641
(1967).
[31] E. W. Plummer and J. W. Gadzuk, Surface states on tungsten, Phys. Rev. Lett.
25, 1493–1495 (1970).
[32] H. Lu¨th, Surfaces and interfaces of solid materials (Springer-Verlag, Berlin,
1995).
[33] S. Weng, E. W. Plummer, and T. Gustafson, Experimental and theoretical study
of the surface resonances on the (100) faces of W and Mo, Phys. Rev. B 18,
1718–1740 (1978).
[34] L. E. Klebanoff, R. H. Victora, L. M. Falicov, and D. A. Shirley, Experimental
and theoretical investigation of Cr(001) surface electronic structure, Phys. Rev.
B 32, 1997–2005 (1985).
[35] A. M. Turner, and J. L. Erskine, Surface electronic properties of Fe(001), Phys.
Rev. B 30, 6675–6688 (1984).
[36] N. B. Brookes, A. Clarke, P. D. Johnson, and M. Weinert, Magnetic surface
states on Fe(001), Phys. Rev. B 41, 2643–2645 (1990).
[37] E. Vescovo, O. Rader, and C. Carbone, Spin-polarized surface states on Fe(100),
Phys. Rev. B 47, 13051–13054 (1993).
[38] X. Pan and E. W. Plummer, Surface resonances on Ta(001), Phys. Rev. B 42,
5025–5039 (1990).
References 15
[39] B. S. Fang, W. S. Lo, T. S. Chien, T. C. Leung, C. Y. Lue, C. T. Chan, and
K. M. Ho, Surface band structure on Nb(001), Phys. Rev. B 50, 11093–11101
(1994).
[40] P. Pervan, T. Valla, M. Milun, A. B. Hayden, and D. P. Woodruff, Photoemission
and inverse photoemission spectroscopy of V(100), J. Phys. Condens. Matter 8,
4195–4204 (1996).
[41] C. M. Fang, R. A. de Groot, M. M. J. Bischoff, and H. van Kempen, Local
electronic structure of intrinsic defects and impurities at the Fe(001) surface,
Surf. Sci. 445, 123–129 (2000).
[42] C. J. Chen, Introduction to scanning tunneling microscopy (Oxford University
Press, Oxford, 1993).
[43] V. A. Ukraintsev, Data evaluation technique for electron-tunneling spectroscopy ,
Phys. Rev. B 53, 11176–11185 (1996).
[44] B. Nonas, K. Wildberger, R. Zeller, and P. H. Dederichs, Energetics of 3d impu-
rities on the (001) surface of iron, Phys. Rev. Lett. 80, 4574–4577 (1998).
[45] N. Papanikolaou, B. Nonas, S. Heinze, R. Zeller, and P. H. Dederichs, Scanning
tunneling spectra of impurities in the Fe(001) surface, Phys. Rev. B 62, 11118–
11125 (2000).
[46] S. Heinze, First-principles theory of scanning tunneling microscopy applied to
transition-metal surfaces , Ph.D. thesis, Universita¨t Hamburg, Germany (2000).
[47] M. Groot Koerkamp, and Th. Rasing, Giant nonlinear magneto-optical Kerr
effect from Fe interfaces , Surf. Sci. 352, 933–936 (1996).
[48] J. Unguris, R. J. Celotta, and D. T. Pierce, Determination of the exchange cou-
pling strengths for Fe/Au/Fe, Phys. Rev. Lett. 79, 2734–2737 (1997).
[49] R. G. P. van der Kraan, Scanning tunneling microscopy studies of metals de-
posited on clean surfaces , Ph.D. thesis, University of Nijmegen, The Netherlands
(1995).
[50] R. Koller, W. Bergermayer, G. Kresse, E. L. D. Hebenstreit, Ch. Konvicka, M.
Schmid, R. Podloucky, and P. Varga, The structure of the oxygen induced (1×5)
reconstruction of V(100), Surf. Sci. 480, 11–24 (2001).
16 Introduction
Chapter 2
Experimental methods and
setup
2.1 Introduction
In this chapter the vacuum system and scanning tunneling microscope used for the
studies presented in this thesis will be described. The system is based on an ear-
lier system which was originally built around 1990 by van de Leemput [1]. Later, a
chamber for MOKE 1 experiments had been added. However, the combination of a
weak frame, Viton-stack damping stage and loose sample block made the STM very
sensitive to vibrations. The vibrational level in the tip-sample distance was typically
of order 50pm mainly caused by floor vibrations around 25Hz. To be able to obtain
atomic resolution routinely on transition metal surfaces (corrugation of order 1 pm)
and to perform scanning tunneling spectroscopy measurements, it was decided to up-
grade the system. A rigid frame was designed around a small chamber which contains
the new commercial Omicron UHV STM-1 unit 2 and the old preparation chamber.
All sample manipulation stages were adjusted to the constraints imposed by the new
STM. A tip preparation and characterization stage was added to the preparation
chamber. Finally, a convenient bake-out system was designed. The MOKE chamber
was not added for the time being.
It will be shown that the total effect of all changes resulted in an improvement of
the typical vibration level in the STM measurements by a factor 1000. In the new
setup, noise in the z level is routinely below 1 pm.
1Magneto-optical Kerr effect.
2This was a turning point in the Nijmegen STM group because since 1985 STMs were home-built
only.
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Figure 2.1: Schematic top view of the UHV system. The K-cells, ion gun, quartz-
crystal microbalance, ion gauges, leak valves, mass spectrometer and tip prepara-
tion facility (all in preparation chamber) have been omitted in this drawing. The
x, y, and z directions discussed in the text are indicated.
2.2 General description
Frame and vacuum chambers
The system as shown in the drawing of Fig. 2.1 and the picture of Fig. 2.2 has been
designed with the old preparation chamber (see [1, 2]) and the new Omicron UHV
STM-1 chamber (CF200 flange) as starting points. A new rigid stainless steel frame
(box-section 40×80×2mm3) was designed around this system. To prevent this frame
from resonating it was filled with fine-grained dry sand. During STM operation, the
system is lifted by four pneumatic air dampers (Fill and Forget, Laminar Flow Isolator
PL2000 series, Newport) at the positions indicated in Fig. 2.1. The level height is
controlled by three leveling valves to within an accuracy of 0.3mm.
The preparation chamber is pumped by a turbo-molecular pump (Balzers 170 l/s)
which is backed by a two-stage rotary pump (Edwards 5 m3/hr). The STM chamber
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Figure 2.2: Picture of UHV system. (1): STM chamber, (2): stainless steel
box-section frame, (3): pneumatic damping leg, (4): Tip preparation stage, (5):
Preparation chamber, (6): Manipulator.
is pumped by an ion pump (Varian, Noble Diode 150 l/s). Both chambers contain
titanium sublimation pumps (TSP). Only the TSP in the STM chamber has the
possibility to cool the surrounding walls with liquid nitrogen. This increases the
pumping speed per unit area of H2 (CO) from 3 (9) to 10 (11) ls
−1cm−2. Since
the turbo pump is switched off during STM operation, after these measurements
(when the pump is switched on again) the TSP in the preparation chamber is always
frequently (every 2 or 4 hrs) flashed to increase pumping speed. The TSP in the STM
chamber is flashed less frequently.
Baking
The system is baked with resistive heaters mounted on 3mm thick Al panels which are
resting on the frame. Four heaters of 750W are positioned under the STM chamber,
two heaters of 850 and two of 750W under the preparation chamber, and lastly 3
heaters of 850W under the manipulator. During bake-out the system is covered by
a tailor-made bake-out tent (Caburn). A special fan mounted inside the bake-out
zone under the preparation chamber allows for circulation of the hot air. A bake-out
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heater unit (Varian) and a thermocouple (positioned at the STM chamber) are used
to control the temperature within the tent to be around 120◦C.
After being baked for ∼48 hrs and proper degassing of all filaments, the base
pressure in both chambers is around 5×10−11 mbar. It must, however, be realized that
this is close to the limit of the ion gauges used and although thoriated iridium filaments
were preferred above tungsten ones (lower workfunction so less power is needed to
sustain 1 or 10mA) the lowest obtainable pressure may be determined by the CO and
CO2 degassing of the gauge itself. For this reason, the ion gauge in the STM chamber
was only used when necessary. Residual gas analysis can be routinely performed
with a mass-spectrometer (AccuQuad 100D Kurt J. Lesker) which is mounted on a
CF114 flange on the preparation chamber. By taking into account the volumes of
both chambers (preparation chamber ∼ 0.042m3, STM chamber ∼ 0.011m3), the
partial CO pressure (which is considered to be the most important contaminant [3])
in the STM chamber is estimated to be 3× 10−12 Torr.
Manipulator
The manipulator is a commercial VG HPLT 50 DH which is mounted on a CF200
flange. It can travel over a length of 50 cm (system long axis which is defined as the
x direction) enabling sample and tip transport from the preparation chamber to the
STM chamber where they can be taken out with the wobblestick and put into the
sample carousel or STM (see section 2.4). In the plane perpendicular to the system
long axis, the manipulator can travel over±10mm in both directions (the vertical and
horizontal directions are defined as y and z, respectively 3). Furthermore, rotations
over an angle φ around its axis up to 270◦ are allowed (larger rotations are specified
for this manipulator, but this will damage the wiring). The sample holder part can
be tilted by ±10◦ about its surface normal. This angle Θ is indicated in Fig. 2.3.
The sample holder part (with electron-beam heating facility) on this manipulator
was modified in order to make it compatible with the Omicron UHV STM-1 sample
holders. In this modification the sample holder is slided into Mo guidance rails (1 in
Fig. 2.3) under Mo leaf-springs (2 in Fig. 2.3). These springs are laser cut and bent
in such a way that the sample holder cannot be pushed too far since a strip blocks it
(indicated as 3 in Fig. 2.3). This strip connects both leaf-springs and secures them
in place.
The electron-beam heater under the sample holder is most fragile. The filament
plate rests upon ruby balls lying on the base of the manipulator. Above this the
molybdenum sample plate (0.5 mm thick) rests. This plate is grounded to earth (4 in
Fig. 2.3). In this plate a hole is laser cut at the position of the sample. Every stage is
connected to the manipulator base with two Mo M2 screws which are insulated from
every level by ceramic rings. The working principle of the electron bombardment
3x, y and z are in analogy with the STM directions and are indicated in Fig. 2.1.
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Figure 2.3: Pictures of sample holder part on manipulator. (a) shows the top
view, (b) the view from the front. (1): Mo guidance rail. (2): Mo leaf-spring
with thermocouple on top of it. (3): Strip connecting both Mo leaf-springs which
prevents the Omicron sample holder from falling out. Under (3), the hole in the
sample plate through which the filament is visible can be seen. (4): Ground
connections to sample plate. (5): High voltage connections to filament plate. The
angle Θ over which the sample holder part can be tilted is indicated in (b).
heater is that by resistive heating of the filament (44W at full power of Eurotherm
controller), electrons are thermionically emitted from the negatively biased filament
plate (−900V at full power) and are accelerated towards the grounded sample plate.
The spacings between the different layers is of order 1mm so mounting this e-beam
heater part is delicate and overpressure by means of over-tightening the screws may
give rise to short circuits. Moreover, care has to be taken that the copper wires to
the filament (5 in Fig. 2.3) do not come into contact with the grounded parts. By
careless sample manipulation this may happen and once this lead to a failure of the
e-beam heater.
The e-beam heater is controlled by a home-made power-supply with an inte-
grated Eurotherm 900EPC controller. The temperature is measured by thermocouples
(Pt/10%PtRh - S type) which are mounted under leaf-springs which are spot-welded
on the Mo leaf-spring part covering the sample. Since the sample is heated directly
by electron bombardment, heat has to flow conductively over a distance of ∼1 cm to
the thermocouple leading to a large uncertainty in the temperature measurements.
Therefore, temperature measurements have also been performed by use of an infrared
pyrometer (Minolta Cyclops 52, emissivity is ∼0.4 for Fe and Ta around 700-800◦C
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[4]). Since the pyrometer temperature measurement is believed to be more accu-
rate than the thermocouple measurement, the latter one is calibrated by the former
one. In general 500◦C measured by the thermocouple corresponds to 750◦C measured
by the pyrometer at the Fe(001) sample. However, small deviations occur, possibly
due a tighter or looser connection between the Omicron sample holder and the Mo
leaf-spring. Therefore, this calibration was done on a regular basis. These errors
should also be taken into account when temperatures are used which are too low to
be measured by pyrometer (i.e. lower than 450◦C).
Fast entry load-lock
The system also includes a load-lock chamber which enables a fast entry without
breaking UHV of samples and tips. This chamber is pumped by a turbo-molecular
pump (Varian 7 l/s) which is backed by a rotary pump (VRC VR100-3.5H 5.1 m3/hr).
The pressure in this unbaked chamber reaches ∼ 5× 10−7 mbar a few hours after the
pumps have started. The Omicron sample holder can be mounted on a leaf-spring
clamped removable stage on a magnetic drive. In this way the sample holder can be
transported into the preparation chamber where the pressure rises to 5× 10−8 mbar
during this exchange. The sample holder can be “picked up” with the manipulator.
Successful sample entries are a challenge since the mounting on the magnetic drive
stage must not be too loose (in which case the sample holder will be launched during
transport) or too tight (in which case it is impossible to get it out without forcing
the fragile parts on the manipulator). Getting a sample out is even harder since at
that time springs are loosened. For more successful and reliable use of the load-lock
in the future this stage has to be further optimized. Use of a wobblestick to get the
sample-holder from the magnetic drive to the manipulator and vice versa might be
safest.
2.3 Sample Preparation
Sample cleaning
Samples can be cleaned by ion sputtering which can be performed at high temperature
by use of the e-beam heater. However, since for the e-beam heater the sample plate
has to be grounded, the sputter current cannot be measured during heating. An
ex situ electronical circuit can switch the sample plate connection to ground (for
heating) or BNC output (for current measurements). For ion bombardment, the
sample is positioned in front of the sputter ion gun 4 (Φ 04-192 ion gun, Perkin
Elmer). Samples are typically sputtered with 750 eV argon ions. An Ar+ pressure
4Manipulator position: (x, y, z) = (14,-1,6), φ = 45◦, Θ = 0◦.
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of 4-5×10−5 mbar 5 results in a sputter current of 2-3 µA. At an emission current of
25mA the ion beam width is 2mm. This beam is usually rastered over an area of
(7.5−10)2 mm2. Using the sputter yields quoted in Woodruff and Delchar [5] sputter
rates of ∼0.1 nm per µA per minute can be estimated for the materials studied (Fe,
Au, Mn).
Thin film growth
Thin films can be grown by placing the sample above a shuttered aperture covering
3 Knudsen cells. These K-cells (which have been described in [1]) are orientated at
an angle of 15◦ relative to the sample normal (if manipulator is at 180◦) and are at
a distance of 207mm from the aperture. The K-cells can be resistively heated (up
to 1350◦C) by Eurotherm controllers. The evaporation sources are surrounded by a
liquid nitrogen baﬄe which keeps the pressure during growth in the low 10−10 mbar
range after proper degassing of the cells. The K-cells were filled with high purity Fe,
Au and Mn nuggets 6. Heating the K-cell to 1300◦C (Au), 1150◦C (Fe), or 730◦C
(Mn) lead to growth rates of order 0.2-0.3ML/min 7. These fluxes were estimated by
a quartz-crystal microbalance (Leybold inficon: thin film thickness and rate monitor,
type XTC) 8 and STM images for submonolayer growth studies. Unlike the Au flux,
the Mn and Fe fluxes were very reproducible on a day-to-day basis. It was not possible
to use the e-beam heater during growth. The 180◦ rotation of the manipulator shorts
the sample plate to the filament plate. If rotated back, this can be solved by gently
pushing the manipulator flange. Therefore, growth studies are limited to ∼ 250◦C
which can be reached by resistive heating alone.
2.4 Sample Characterization
Auger Electron Spectroscopy
The chemical composition of the atoms at the sample surface can be checked by
Auger Electron Spectroscopy [5]. In the present studies the sample is bombarded
with 2 keV electrons which ionize the surface atoms by the production of a core hole.
This hole is filled by an electron from a higher energy level which energy is released
in this process by emission of a third electron. The kinetic energy of these emitted
electrons is completely determined by the energies of three core electrons involved in
5The Ar gas is let in via a leak valve. At a ∼1.5 bar overpressure in the gas lines, ∼2 turns
corresponds to a pressure of 4-5×10−5 mbar. This gas line setup is described in chapter 3 together
with a thorough description of the cleaning of Fe(001) whiskers.
6Manipulator positions: (x, y, z) = (71,−5, 6), (68,−5, 10), and (68,−5, 7) for Fe (K-cell at ma-
nipulator side, see sketch of Fig. 2.1), Au (CMA side) or Mn growth (load-lock side), respectively.
7As a rule of thumb the metals used have a vapor pressure of 10−3 Torr around these temperatures.
8Position: (x, y, z) = (10,−5, 67).
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the Auger process. Since these energies are specific for one element and the inelastic
mean free paths of the emitted Auger electrons are quite short (typically 1 nm [6]), the
concentration of a particular element in the surface layers of the sample under study
can be deduced from the intensity of the Auger electrons emitted at the element-
specific energy.
The energy of the emitted electrons is analyzed with a cylindrical mirror analyzer
(CMA) [see e.g. Woodruff and Delchar [5] for description]. The electron gun, CMA
and electron amplifier are contained in one unit (Perkin Elmer, φ 10-155) and is
controlled by a Perkin Elmer Auger System Control (φ 11-500a) and a home-built
electron gun controller. Since the signal of Auger electrons forms only a small fraction
on a total background of emitted secondary electrons, not the number of electrons
N is counted but dN/dE is measured instead by a lock-in technique (PAR model
129a lock-in amplifier). A modulation voltage of 8 or 10 eV was used to enhance
the poor signal to noise ratio 9. However, it should be realized that this decreases
the energy resolution and peak amplitudes in dN/dE as a function of modulation
amplitude may depend on the energy of the peak (see e.g. [7]). The typical noise
level is 2–5% of the Fe 703 eV peak (however, the sensitivity of the Fe(703 eV) peak
is for example 4 times lower than the Pd(330 eV) peak and for the latter case the in
this way defined S/N ratio can be as low as 0.5%). The outputs of lock-in amplifier
and energy sweeper are read out by a LabView program. Typically, the position of
the manipulator during AES measurements is chosen to minimize the sample holder
Ta peak (it can be completely diminished below the S/N ratio) and to maximize the
Fe peaks 10. The z position should be less than 6 to have the sample exactly in the
focus point of the CMA. However, the position used is limited by the space available
for the manipulator and the slight out-of-focus position of the sample leads to peak
shifts which are proportional to the energy (∆E ∼ E∆z) and consequently the major
Fe peak is not observed at 703 eV but at 690 eV instead.
In the present work it is preferred to give Auger results as relative peak-to-peak
heights. In general, this is more transparent than presenting surface concentrations
since often the assumptions made in the calculations leading to these concentrations
are not obvious. For small coverages and one contaminant present, STM images
may provide a good calibration of Auger data. Nevertheless, if needed, Auger peak-
to-peak heights can be transformed to surface concentrations by simply taking into
account sensitivity factors [7]. In these calculations the contaminant is assumed to
be homogeneously distributed in the probed volume. This should however not be
the case for contaminants since they either are adsorbed from the residual gas or are
segregated out of the bulk. The latter drawback can be solved by taking into account
inelastic mean free paths (see Ref. [6]). Calculations for surface concentrations under
9After finishing this thesis, we found the reason for this low S/N ratio: the high voltage to the
electron multiplier of the CMA was too low.
10For the Fe(001) whiskers a typical position was (x, y, z) = (87,−2.5, 6).
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the assumption of surface-confined contaminants are e.g. described in [8, 9]. In
particular, the Mathematica program described in [8] was revised to a C program in
the present work.
Low Energy Electron Diffraction
Low energy electron diffraction (LEED) measurements are possible by use of rear
view LEED optics (Omicron: zwei Gitter LEED optik) which is mounted on a CF200
flange on the STM chamber (see figure 2.1) 11.
Low energy electrons that are elastically reflected from the sample surface 12 form
a diffraction pattern which is viewed on a phosphor screen (see Ref. [5] for a detailed
description of this technique 13). From this diffraction pattern the symmetry of the
surface structure can be deduced. Adsorbate induced superstructures (see e.g. [10]),
spot splitting due to a regular step structure on vicinal surfaces (see e.g. [11]), and
the extinction of certain spots at surfaces containing glide symmetry (see e.g. [2]) are
a few examples of what can be qualitatively learned from these diffraction patterns.
In the present study, LEED is only used in order to check for long-range order on
the samples studied. In this context it should be realized that due to the wave-like
nature of electrons the information is limited to the coherence length of the electrons
(typically 10 nm for good LEED optics, see discussion in [5]). For a more quantitative
analysis, the intensity of the LEED spots has to be measured as a function of electron
energy. These I(V ) curves are usually compared to calculated I(V ) curves from a
model of the surface. Minimizing the disagreement between the experimental and
theoretical I(V ) leads to the best model for the surface. With this method structures
can be determined with an accuracy of 1 pm (see Ref. [10] for a nice example).
2.5 The Scanning Tunneling Microscope
The STM chamber shown in Fig. 2.1 is a commercial chamber (Omicron) which
contains the UHV STM-1, wobblestick and sample-carousel (8 sample-holders can be
stored). In Fig. 2.4 a top view of this STM is shown. The main parts of the STM are
a scanner, a sample stage and an in situ IV converter. The scanner is the standard
TS1 tripod scanner [12]14 with a lateral range of 1.35× 1.35 µm2 and a vertical range
11The manipulator is moved into the STM chamber to position (x, y, z) = (470,−6, 9) and rotated
by 270◦.
12The inelastic mean free path of low energy electrons is small (typically 1 nm) which explains the
surface sensitivity of this technique.
13LEED can be considered as the oldest of modern surface science techniques since it dates back
to the classical experiments of Davisson and Germer (1927) in which they demonstrated for the first
time the wave nature of the electron.
14This scanner has positive or negative voltage with respect to ground in contrast to the TS2
scanners.
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Figure 2.4: Top view of the STM showing the scanner, tip, sample, Z-slider for
coarse movements, the vibration isolation stage, copper plates for eddy current
damping, the spring suspension stage, and the hybrid IV converter.
of 135nm (when a Z-gain of 10 is used). The vertex of the three scanners holds the tip
receptor block which is made out of Macor (see Fig. 2.4). This part is very delicate
and when replacing tips utmost care should be taken 15. The sample is loaded into the
sample reception which is connected to the x and z sliders. These sliders use stick-slip
effects to move the sample stage ±5mm in the x direction (along axis of UHV system)
and 10mm along the z direction [13]. The sample slider is magnetically coupled to
three shear piezos which are driven by a sawtooth voltage input. The slider is moved
during the slow movement of the piezo and slips during the fast piezo motion due to
its inertia.
To minimize electronic noise, the current amplifier is integrated in the STM (see
Fig. 2.4). Instead of the standard IV converter the hybrid IVC H1 is used which has
an input protection against voltage peaks up to ±500V (∆t < 0.1ms). Furthermore,
it is characterized by a large bandwidth (> 30kHz) and low current noise (0.8 pArms
at 200Hz).
15The edge of the ceramic tip receptor was broken when large forces were exerted by the wobble-
stick. This part was fixed again by use of two component epoxy (Epotek H77).
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A push-pull motion drive can lock the STM stage including the piezo sliders. If
the STM stage is unlocked it hangs freely on four springs. These springs act as
a low pass filter with resonance frequencies lower than 2Hz and an attenuation of
factor 100 per decade. Additional damping is provided by eddy current damping,
i.e. copper plates moving through permanent CoSm magnets 16. This damping is
needed to reduce the response at the resonance of the spring system. Furthermore,
the lower quality factor leads to a faster decay of vibrations. However, due to the
additional damping the response of the system is changed from (1/f)2 to roughly
(1/f) at high frequencies. The propagation of acoustic waves through the spring
system is suppressed by introduction of Viton-rings in the spring system.
Compared to the standard Omicron UHV STM-1 setup there are some modifica-
tions in the Nijmegen setup. First, as mentioned already before a hybrid IV converter
is used. Secondly, a wobblestick with extended travel is used (WS270 allowing 140mm
access beyond knife edge of chamber). This longer wobblestick allows sample transfer
from the manipulator 17 to the sample-carousel or STM. Lastly, two CF70 viewports
are added (see Fig. 2.1) for future optical work.
A commercial Omicron STM control unit is used which was upgraded for optimum
performance with the SCALA system (SPARC SUN4m). Measurements reported in
this thesis have been performed with the SPM software version V2.2.0.3.
Before the STM tip is moved into the tunneling regime both turbo pumps are
switched off (including water cooling) and the air dampers are inflated. The tip is
approached towards the sample in two steps. The first step is a coarse approach with
the remote box. In this way the tip can be brought within 1mm from the sample
as viewed by a CCD camera with magnifier. The second step is an auto-approach
controlled by the STM control unit. Setpoints during auto-approach are typically
Vs = −1.0V and I = 0.5 nA. With a toggle switch auto-approach, backward and
forward can be selected. In forward position the tip is moved towards the sample by
superimposing a linear ramp to the z-piezo. The speed of this ramp can be selected on
the control unit (T -ramp). If tunneling current is detected this ramp is slowed down.
In backward position the tip is retracted by adding an offset to the z-piezo (this offset
can be selected by a potentiometer but is usually at 5.0). In the auto-approach mode
a coarse step of which the size can be selected on the control unit is made followed by
a ramp towards the sample (as in the forward mode). If tunneling current is detected
the auto-approach automatically stops. During the actual STM measurement, the
coarse coax-cables are dismantled since they give rise to a 50Hz ground loop.
The STM is used with the calibrations provided by the manufacturer. The stan-
dard piezo sensitivities are 5 nm/V for all three directions (UHV STM-1) with scanner
corrections of xx = 1.10, yy = 1.18 and zz = 1.46, i.e. the sensitivities effectively are
16These magnets cause a stray field at the tip position of 1 G in the vertical direction and  1 G in
the horizontal directions. This is important to realize considering future spin-polarized STM work.
17Manipulator position: (x, y, z) = (480,−5, 15).
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∆t [hrs] vx [nm/min] vy [nm/min] α [
◦] v [nm/min]
3 -0.2 -0.3 56 0.4
7 -0.1 -0.3 72 0.3
12 -0.04 -0.09 66 0.1
Table 2.1: Drift in STM images as a function of time after loading into STM.
5.5, and 5.9 and 7.3 nm/V. These sensitivities are frequently checked from atomically
resolved STM images and monoatomic step heights. However, the accuracy to which
piezo scanners can be calibrated is approximately 5% due to intrinsic non-linearity,
hysteresis, creep, aging, and cross coupling. Therefore, the best one can do is to
compare unknown lengths and heights to well-known lengths and heights obtained in
the same measurement.
The drift in the STM images is shown in Table 2.1. These measurements were
performed by tracking Au islands deposited on the Fe(001) surface at 100◦C. This
can be considered as a typical measurement situation (i.e. sputter-annealing, followed
by thin film growth at high temperature). ∆t is taken as the time elapsed since
the sample was loaded into the STM 18. Even after 12 hrs an STM image of 10 ×
10nm2 which is scanned at 20nm/s is distorted by 10% in the slow scan direction
(10 nm / 20nm/s ×512 (number of lines) × 2 (forward and backward scan) / 60 s
× 0.1 nm/min). The almost continuous direction of the drift which follows the long
axis of the Fe(001) whisker makes it likely that the drift is caused by expansion and
contraction of the whisker which is fixed at one end. Cooling down of the whisker
to room temperature after sputtering may be very slow when positioned in the STM
(only a few small contact areas). A drift velocity can be calculated by v = αl dTdt with
α the difference between the thermal expansion coefficient of Fe (12.1×10−6/◦C)
and Ta (6.5×10−6/◦C) [4], l the distance from the tip position and the point where
the whisker is fixed to the holder (∼5mm), and dTdt the temperature gradient. A
temperature drop of 1◦C per hr already leads to a drift of 0.5 nm/min showing that
this effect is certainly not negligible. This effect is one of the major problems in the
design of variable temperature STMs [14].
Spectroscopy measurements are performed by measuring I(V ) curves under open
feedback loop conditions. Because of the inherent drift in room temperature mea-
surements, the measurement time of an I(V ) curve (and correspondingly the time
that the feedback loop was opened) is kept as short as possible. I(V ) is numerically
differentiated by a 5 points-algorithm to obtain dI/dV . Since the features in the
18Typically the sample was first sputtered at 750◦C, then a thin film was grown which takes
∼1.5 hrs (heating K-cell, quartz-crystal calibration and actual growth at elevated temperature (50-
250◦C). After growth the sample was always moved to the STM as quickly as possible.
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dI/dV are always much higher than the typical noise level, measurement of dI/dV
by lock-in techniques is considered not to be advantageous since the necessary RC
times will delay dI/dV measurements considerably. Spectroscopy measurements are
always performed in combination with constant current imaging: this allows features
in dI/dV to be related with topographic features. However, images are typically
obtained at a reduced resolution of 75×75 pixels to keep the measurement time and
consequently the distortions due to drift within reasonable bounds. The relevant time
constants used during spectroscopy measurements are 200 µs for the delay time and
320 µs for the acquisition time. The additional delay times (before feedback loop is
switched off, after initial parameter step, after final step, after feedback loop has been
switched on again) were chosen as recommended by Omicron (i.e. 200, 50, 100 and
50 µs, respectively [13]). Usually 100 voltage steps are used for one I(V ) curve (i.e.
0.052 s/curve).
2.6 Tip preparation
In this section the preparation of tungsten STM tips will be described. This process
consists of two steps: ex situ electro-chemically etching and an additional in situ
self-sputtering cleaning.
2.6.1 Chemical etching
A ∼7mm long piece of polycrystalline W wire (diameter 0.5mm) is spot-welded on
the Omicron tip holder. In this way 4mm long tips will be produced which is most
convenient for use in the UHV STM-1. Around 30 gr KOH pellets are solved in 100ml
de-ionized water leading to a 5M solution. The solution is made in a beaker glass
(diameter 80mm, height 45mm). This solution is used only once (up to 5 tips are
produced) and a clean (new) beaker is preferred (clean glass and solution dramatically
increase the success rate). In this solution both the W tip (3 mm immersion depth
gives the best results) and the counter electrode are immersed. The contact area
of the counter electrode with the solution determines the current and therefore the
speed of the etching process. The final sharpness of the tip may depend on this as
well, however no systematic study on this was performed. In our case the counter
electrode was always made of a stainless steel strip (0.3mm) with an effective area in
solution of 160×15mm2.
The tip is positively biased with a 8 V DC voltage. During the electro-polishing,
thinning of the W wire occurs at the air-electrolyte interface. The portion of the wire
submerged in the solution “drops off” when its weight exceeds the strength of the
wire in the reduced or necked region. For the conditions used, the etching current
at the beginning of the process is ∼ 60mA. As the tip diameter at the neck reduces
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0.5 mm
Figure 2.5: SEM image of electro-chemically etched W tip.
over the course of time, the etching current slowly reduces. At drop-off, the current
suddenly drops from around 20mA to almost 0.
It is very important that the etching process is stopped exactly at the drop-off
since otherwise the continuation of the etching blunts the tip again (see e.g. [15]).
The halting of the etching process at the drop-off is achieved by introduction of an
electronic interrupter which cuts the voltage within 10−6 s if the etching current
drops below a value which can be set by a potentiometer (between 0 and 20mA for
full-range potentiometer, typically set at 4mA) 19. The electronic interrupter is an
improved version of the Eindhoven design [16]: unlike the latter one the interrupter
used in Nijmegen keeps the voltage constant during the etching process.
Since disturbances of the neck formed at the air-electrolyte-wire interface may
lead to irregularly shaped and consequently blunt tips, care has to be taken. First,
the presence of a Teflon partition between the tip and the counter electrode ensures
that the H2 gas which is produced at the counter electrode does not disturb the neck
(see e.g. Ref. [15] for reaction formula). Secondly, if the whole setup is placed on top
of an optical bench with pneumatic vibration isolation the success rate of sharp tip
production is increased implying that a good stability of the neck is needed.
The tip holder with tip is cleaned in ethanol before it is loaded into the UHV
system. Typically 5 tips will be loaded in the sample-carousel. Figure 2.5 shows a
scanning electron microscopy (SEM) image of a W tip which has a radius of ∼50nm
and shows the typical hyperboloidal shape.
19Another idea would be to “catch” the dropped-off part since here the etching immediately stops
at drop-off. This method is used for example in the groups of Frenken (Leiden) and Varga (Vienna).
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Figure 2.6: Picture of setup for in situ tip preparation and characterization.
Visible are the stainless steel ball which is used as the counter electrode, the
three W filaments for annealing of the tips, and the sample holder part of the
manipulator.
2.6.2 Self-sputtering
Since W tips prepared by the electro-chemically etching process described above are
known to be covered by a ∼10nm thick oxide film, an additional step is needed.
Possibilities are etching in HF, ion sputtering or annealing at high temperature [17].
We used for this second step in the tip preparation the method based upon self-
sputtering described by de Raad [16]. This method also reduces the tip radius and
allows for a quantitative estimation of the tip sharpness. This setup is shown in Fig.
2.6 and consists of a 20mm diameter stainless steel ball and three W filaments (two
of 0.25mm and one of 0.5mm diameter). The total stage is connected to a linear
drive (MDC E LMT 154).
The tip is brought at a distance of ∼5mm from the stainless steel ball 20. This
setup allows for field emission measurements by sweeping the positive voltage applied
to the ball (High Voltage Power Supply Model PS350, Stanford Research) and de-
20Position manipulator: (x, y, z) = (86, 1, 17). Position linear drive: z = 58.
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tecting the field emission current. This current is measured in the same way as the
sputter ion current although because of the low values (less than 10nA) further ampli-
fication is needed. This is done by a standard home-built 108 V/nA current amplifier.
To reduce noise a simple low-pass RC filter is introduced (1 kΩ, 0.2 µF). The power
supply is controlled by a LabVieW virtual interface (VI). A safety control prevents
the field emission current increasing above 10nA which may alter the tip apex and,
even more importantly, may damage the current amplifier. A new tip is always first
characterized by field emission spectroscopy. The grey curve in Fig. 2.7(a) is a typical
I(V ) obtained on an as-chemically-etched W tip. The voltage needed to draw 1 nA is
used as an indication for the quality of the tip. For the measurement shown in Fig.
2.7(a) V (1 nA) = 1170V. Comparing this with the calibration presented by de Raad
et al. [18], this corresponds to a tip radius of 60 nm.
The tip can be brought into contact with a W filament which can be heated by
passing 3-7A DC current through it (HP 600 2A DC power supply) 21. During this
treatment the tip glows and a temperature of ∼1000◦C can be reached. De Raad
claimed that a treatment of ∼20minutes removes the oxide layer completely [16, 18]
which seems quite unlikely since a scanning Auger microscopy study after annealing
around 1500◦C was reported by Cricenti et al. [19] which still showed considerable
oxygen and carbon contamination at the tip apex. Nevertheless, annealing to 1000◦C
may partially desorb the contamination layer [20] and impurities may segregate from
the bulk or diffuse from other parts of the tip towards the tip shaft and may be
effectively sputtered away during the self-sputtering.
The final tip cleaning and sharpening is performed by self-sputtering with the setup
described above. This process has been elaborately discussed by de Raad [16, 18]. The
same settings for manipulator and tip preparation are used as for the field emission
measurements. Neon gas (purity 5.0) is leaked into the preparation chamber through
the leak-valve up to a pressure of 1 × 10−4 mbar. The power supply is used in the
constant current mode which means that the voltage is increased until a constant
current of 10 µA is detected (the sample plate at the manipulator is grounded during
this measurement). This current is produced by self-ionization of the Ne gas. The high
electric field at the tip apex accelerates the ions towards the tip apex. The sharpening
of the tip leads to higher local electric fields at the tip apex and consequently a lower
voltage is needed to sustain a sputter current of 10 µA. The sputter voltage is recorded
during this process (controlled by LabView VIs) and a typical V (t) curve is shown
in Fig. 2.7(b). As the process proceeds, the voltage suddenly drops from ∼1200V to
700V. This point is indicated in Fig. 2.7(b). At this drop the process is stopped. The
field emission measurement performed after the self-sputtering process [black curve in
Fig. 2.7(b)] shows that the voltage needed to draw 1nA has reduced to 230V. This
corresponds to a tip radius of less than 10nm (see Ref. [18]).
De Raad et al. related the drop in the sputter voltage to the formation of a
21All components are rated for a maximum of 10 A.
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head-and-neck structure behind the apex of the tip [16, 18]. At some point during
the sputter process the neck becomes too thin to withstand the electrostatic force
that acts on the head and the head breaks off (i.e. decapitation, see Ref. [21]). De
Raad also reported the decrease of the noise level at the end of the sputter process
before the head is torn away from the tip. It is not obvious whether this decrease
before the decapitation is also present in our studies. Comparing Fig. 2.7(b) to Fig.
1 of Ref. [18] shows that the low noise level observed in the last regime of the self-
sputtering process in Ref. [18] is comparable to the noise level of the whole process
in our studies. Certainly, a reduction of the noise in the last regime of Fig. 2.7(b) is
not obvious. The origin of the decrease of noise was not clear but it was speculated
by de Raad that it might depend on which crystallographic planes making up the tip
apex emit most of the current [18]. During the self-sputtering process an unstable
pattern (of e.g. a <110>-oriented tip) could change into a more stable one (of e.g. a
<111>-oriented tip). It was also reported that the process of wire drawing induces
a preferential <110>-orientation of the crystal grains along the wire-axis for bcc W
making this orientation favorable at the beginning of the sputter process. Vazquez
de Parga et al. reported that a high current field emission cleaning process may
lead to local melting and recrystallization of the tip end whereby facets with the
highest density of atoms, e.g. W(110) and W(111) are most likely to be formed [22].
Spectroscopy measurements performed on Cu(111) could be modeled by assuming
bcc(111) or bcc(110) W pyramids. A two peak structure was obtained in the dI/dV
curves which could be perfectly modeled by fcc(111) W pyramids indicating that
even metastable fcc structures could develop at the tip apex at field emission or
self-sputtering conditions [22].
Two points seem to be important for successful tip cleaning and sharpening with
the self-sputter method. If the tip is too blunt [typically V (1 nA) > 2000V] the
self-sputtering process does not start (see Ref. [21]). Secondly, the sputter gas must
be free of contaminants to avoid vacuum arcs. In our first setup the gas lines had
some air leaks (see also chapter 3) and the self-sputter process was characterized by
a high failure rate. Mostly, during the sputter process the voltage slowly dropped
[as in Fig. 2.7(b)], then suddenly, the field emission current instantaneously dropped
to zero after which the voltage jumped to the maximum available value. After this
observation, the field emission V (1 nA) could be as high as 3000V. This process was
also reported by de Raad [16]. In our experience it is clearly related to the bad quality
of the sputter gas. The self-sputtering was not tried with Ar gas, but it was reported
by Schiller et al. [21] that self-sputtering with Ar gas gives unreliable results which
is probably related with the larger sputter yields for Ar.
It should be remarked at this point that the elaborate technique of self-sputtering
is not believed to be much better than standard sputtering of the tip with an ion gun.
Unlike the self-sputtering the ion beam is more uniform and a larger tip area may be
cleaned. Since ions incident off normal have a larger sputter yield (maximum around
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Figure 2.7: (a) Field emission measurement before self-sputtering (grey curve)
and after self-sputtering (black curve). (b) Typical behavior of the sputter voltage
as a function of time during the self-sputtering process. The voltage drop caused
by the decapitation process is clearly visible (arrow).
60◦ [5]) the sides of the apex are sputtered faster than the apex itself which leads to
a sharpening of the tip. De Raad reported a V (1 nA) of 250V for a tip which was
sputtered by a conventional ion gun (Ar+, 750 eV, 6-8 µA/cm2, 1 hr) [16]. For the
measurements reported in this thesis, however, only self-sputtered tips were used.
Sometimes cycles of annealing and self-sputtering were performed. The experience
is that the annealing is not very critical (opposite to the experience of De Raad [16]).
Only tips with V (1 nA) < 400V were used for STM measurements. With these tips
atomic resolution can be easily obtained. Furthermore, during STM operation these
tips can be “reshaped” by voltage pulses up to 10V within 1 s. These kind of pulses
lead to tip retractions of order 20 nm and unfavorable tips (showing double tip effects,
blunt, etc.) can be successfully transformed to sharp tips. Even the background in
dI/dV curves can be routinely changed by this procedure (see chapter 4). Cleaning
with this method made it possible to use a single tip for a few months.
2.7 Vibration analysis
Vibrations were measured with an accelerometer (Bru¨el and Kjaer type 8318). Its
output can be sent either to a commercial unit including amplifier and Fourier trans-
former (Bru¨el and Kjaer Dual signal analyzer type 2032) or to a homebuilt amplifier
which output can be Fourier analyzed by software written in LabView. The latter
setup is calibrated with the first one and has the advantage that ASCI data are di-
rectly available. The accelerometer is either placed on the floor next to the STM
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Figure 2.8: Vibration spectra measured on top of the STM chamber with (grey)
and without (black) Newport dampers inflated and on the floor next to the STM
chamber.
chamber (a stiff contact is achieved by putting a heavy stainless steel block on top
of the accelerometer) or is connected to an aluminum block (allowing connections
in three perpendicular directions) which can be mounted on the STM chamber (at
position of CCD camera). Figure 2.8 shows the accelerations measured on the floor
(bottom figure) and on the frame in three orthogonal directions both with (grey)
and without (black) damping legs inflated (turbo-pumps were switched off as in a
real STM measurement). Since building vibrations occur typically between 10 and
100Hz and since vibrations at these low frequencies are expected to cause the largest
problems in STM, the spectra in Fig. 2.8 only show this frequency interval.
The vibration spectrum on the floor is characterized by two peaks. The major one
is at 25Hz and was already detected by Nelissen [11]. This vibration was attributed to
the large turbines which are placed in the basement not far from the STM laboratory
(and on the roof of the building) and which are used for the air circulation system
of the building. Outside office hours the air circulation is put on half power and
consequently the vibration level decreases by a factor of up to 4. Nelissen reported
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direction frequency [Hz] level [µm/s2] level [µm/s2]
not inflated inflated
z 15 (25) 370 (640) - (20)
y 25 (25) 380 (1400) - (10)
x 22 (15) 210 (700) - (10)
Table 2.2: Comparison major vibrational levels measured on new and old frame
(data between brackets) in three orthogonal directions. x, y, and z refer to STM
directions and are shown in Fig. 2.1.
that these vibrations can still be observed outside the building; even in the specially
designed vibration-free site of the building they are detected. In this site the floor is
decoupled from the building but apparently the 25Hz vibration is transferred through
the ground. The Nijmegen STM laboratory which has been in use since the early 1990s
was intended for use as a nuclear shelter. The heavy concrete construction seems to
be an advantage for having the lowest vibration characteristics of the building at this
place. The vibration at 19Hz is lower in acceleration. However, assuming a simple
harmonic oscillation, the amplitude can be calculated by dividing the acceleration
by (2pif)2. Both vibrations on the floor have therefore amplitudes of ∼10nm (root-
mean-square value).
Figure 2.8 shows that the vibration levels on the frame with the turbo pumps
off but without the dampers inflated are typically higher than on the floor due to
resonances of the frame plus UHV system. In the vertical direction the highest accel-
eration is detected at 25Hz and has almost the same amplitude as on the floor. In
the STM z direction the highest vibration is detected at 15Hz. In the direction of
the axis of the system (defined as x) the highest vibration is detected at 22Hz. Both
levels are comparable or lower than the levels on the floor.
Table 2.2 compares the major peaks in the vibrational spectra obtained on the new
frame with those obtained on the old frame (situation in 1997). It can be seen that
in the z direction almost a factor 2 is gained. However, for the new setup the highest
level in the z direction is found at a lower frequency of 15Hz (i.e. 370µm/s2). For the
new situation, the peak at 25Hz has an acceleration level of 200µm/s2. Nevertheless,
additional damping by the Newport legs decreases this peak (and the peak at 15Hz)
below the detection limit while for the old setup still a z vibration of amplitude 0.8nm
was directly transferred to the STM block. In the vertical y direction the old frame
amplified the vibration at 25Hz; for the new frame no such huge amplification is
observed. With damping the low frequency peaks are below the detection limit. In
the horizontal x direction the major vibrational level moves from 15 to 22Hz and
reduces its acceleration by a factor 3.5. This vibration is also completely attenuated
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Figure 2.9: Fourier spectra of feedback signal translated into amplitudes. Both
spectra are measured during tunneling on 5 ML Mn on Fe(001) at setpoints Vs =
−1.0 V and I = 50 pA. The black curve is measured at a high feedback gain with
the system in oscillation (1/T ∼ 7). The grey curve was measured at low feedback
gain and no feedback oscillation was observed (1/T ∼ 4).
by the air legs. Concluding: on the new setup all low-frequency vibrations on the
frame are much lower than on the old setup and additional damping by the Newport
legs reduces these levels to reasonable values.
To analyze the vibrational level in the actual tip-sample displacement, the z out-
put of the control unit (before amplification) is Fourier analyzed during a tunneling
experiment. During this measurement, the STM was tunneling on 5ML Mn deposited
on Fe(001) (see chapter 5) at setpoints Vs = −1.0V and I = 50pA. To exclude peaks
in the spectra obtained from the scanning itself, the measurement was performed
in point-mode. The combination of ADC board and Fourier analysis by LabView
software was calibrated by performing measurements on a reference sinusoidal signal
from a function generator. From this calibration and considering the gain of 13.8
(Piezo driver HV Amplifier, see [23]), the piezo z sensitivity of 7.3 nm/V [13], and the
z-gain of 10 [23], the vibrations on the tip-sample distance can be calculated in pm.
This is sketched in Fig. 2.9. The black curve is measured with a high feedback gain
(1/T ∼ 7): oscillation of the feedback loop could be clearly recognized in the STM
image. The grey curve is measured with a lower feedback gain (1/T ∼ 4). In the
latter case no feedback oscillation could be observed in the STM image and the noise
level was below the bit size (1.6 pm for a z-gain of 10 [23]) which is always the case
during STM operation with the new setup. Figure 2.9 shows two clear peaks which
are around 110 (160) and 450 (490)Hz for the low (high) feedback gain, respectively.
Since these peaks are not observed in the vibration spectra on the frame and their
frequencies shift towards lower values for lower feedback gains, it seems likely that
they are caused by the feedback electronics itself. Nevertheless, their amplitudes are
far below the maximum bit size and are therefore not considered to give rise to any
problems in the STM measurements.
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2.7.1 Comparison with old system
The vibration analysis of this section shows the good performance of the new system.
In the present case, the z-resolution is most of the time determined by the bit-size 22.
At this point it seems appropriate to compare the new system with the old one and
to find out what different characteristics make the new one so much superior.
Frame
From the results of this section it is clear that unlike the old frame the new one
does not amplify floor vibrations. Compared to the old frame which consisted of
three separate stainless steel parts (preparation chamber, STM chamber, and MOKE
chamber) which were bolted together, the new frame is designed in a compact box-like
fashion around the complete UHV system. Utmost attention was paid to make the
frame both light and rigid. The tubes were welded from 2mm thick stainless steel
plates (compared to 3mm thick ones for the old frame). This loss in rigidity was
more than compensated by making the box section two times longer (80 mm instead
of 40mm) in the vertical direction (defined as y in this chapter). In this direction
highest vibrations (and consequently forces) are exerted. The frame is filled with
fine-grained dry sand to provide additional damping. The frame is supported by four
pneumatic legs at points which are in the plane containing the system’s center of
gravity. Damping with these legs reduces floor vibrations on the frame below the
detection limit. From Table 2.2 a reduction of order ∼2 can be estimated for the
vibrations around 25Hz.
Spring suspension versus Viton stack
The UHV STM-1 has a vibration isolation stage consisting of four springs and eddy
current damping. The low resonance frequency of these systems (<2Hz for STM-
1 [13]) is very favorable [12, 24] although the necessary damping 23 worsens the
characteristics at higher frequencies. Nevertheless, a transfer function of 10−2 can be
obtained around 25Hz (see [12, 24]).
The old home-built STM was mounted on two five-fold stacks of stainless steel
plates separated by elastomer pieces (Viton) [1, 2]. This kind of vibration isola-
tion is characterized by high resonance frequencies (typically 20-50Hz), high internal
damping (low Q) and non-linear behavior (see [12, 24] for proper discussion of these
properties). The characteristics of the home-built STM stack was studied by coupling
22The control unit does not allow to switch the z-gain to 100. In order to do this the SPM regulator
board has to be taken out and a jumper has to be changed.
23Springs systems have very high quality factors Q (i.e. low internal damping) making the response
at resonance (fr) equal to Q. To keep the response low at resonance, additional damping is needed.
This, however, changes the high frequency limit of the transfer function of the system from (fr/f)2
to 1
Q
fr
f
. Q values are typically between 3 and 10 [12].
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white-noise from a piezo-disk to the STM plate. The vibrations on the STM flange
could be measured and in particular a broad resonance around 55Hz (FWHM of
20Hz) was found (implying a Q of 3). Furthermore, it was observed that at 25Hz the
vibration was even slightly amplified instead of damped. The low quality of Viton-
stacks at low frequencies is well known and external vibration isolation is a must for
these STM systems [12, 24].
Compared to the old system it can be concluded that the transfer function of the
new STM is 10−2 lower for vibrations around 25Hz.
STM design
In a good STM design the influence of external vibrations on the relative displacements
of the tip versus the sample should be as low as possible. In this context a good STM
design corresponds to a high resonance frequency in which case the STM can be
considered as a high-pass filter with response ( f
fr
)2 at low frequencies. The resonance
frequency of an STM can be determined by the method described by Nelissen [11] or
equivalently by analysis of the electronic feedback oscillations 24. For the home-built
STM a value of 800Hz was found while the new UHV STM-1 has a much higher
resonance frequency of around 2kHz. This difference is probably mainly caused by
the loose sample-block in the home-built STM. Clamping mechanisms which were
designed in the first year of the project (leaf-spring levers which could be pushed on top
of the sample block with the wobblestick) could only shift the resonance frequency of
the STM by ∼100Hz. In the new STM the sample reception is completely integrated
within the STM. The doubling of the resonance frequency is estimated to improve
the transfer function at 25Hz (and at every frequency) by a factor of 4.
Conclusion
Summing the three factors described briefly above, it can be concluded that the new
STM setup has ∼1000 times better isolation for vibrations with frequencies around
25Hz compared to the old setup. Since in the old setup vibration levels of 50pm
were generally observed, a 1000 times reduction leads to a vibration level of 0.05pm
(worst case). This is in correspondence with the observation that the noise level is
lower than one bit of the ADC (i.e. 1.6 pm) and in agreement with the results shown
in Fig. 2.9.
24The resonance frequency of the old STM was also determined by analyzing the response of the
feedback system after applying white-noise on a loudspeaker which was placed in front of the STM
(measurement in air).
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Chapter 3
Preparation of Fe(001)
whiskers
This chapter describes the preparation of clean Fe(001) whiskers. Although a suc-
cessful cleaning recipe is found, it will be shown that imperfect cleaning procedures
resulted in various (and often irreproducible) adsorbate-induced structures. Quite
frequently these structures stabilized high-index planes on the Fe(001) whisker. Ex-
amples of facet and pyramid formation on the Fe(001) surface will be given. However,
since in these cases the concentration of the impurities was too low to allow for a chem-
ical identification by Auger electron spectroscopy, it is not known what impurities are
responsible for these structures. Consequently, interpretation of these structures in
terms of known iron-oxides, -carbides or -nitrides was not possible. Attempts to
reproduce these structures by oxygen dosage experiments were not succesful.
3.1 Introduction
Surfaces of Fe(001) whiskers are known to have a very low concentration of defects
and terrace widths as large as ∼1µm are reported in the literature (see e.g. Ref. [1]).
These features makes these surfaces perfect substrates for epitaxial growth studies
(see e.g. [2, 3]) since, for example, diffusion processes can be studied without the
influence of step edges. Well-characterized substrates may also be advantageous for
magnetic studies (see discussion in chapter 5 and e.g. Ref. [4]). In spite of the
high quality of these substrates compared to Fe(001) single crystals (which are only
commercially available at a purity of 99.98%), not many studies on whisker substrates
are reported and only a few groups in the world seem to be able to grow them.
Fe(001) whiskers are used in the STS study of chapter 4 and the studies on the
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growth of Mn (chapter 5) and Au on Fe(001) (chapter 6). Prior to these studies a
lot of effort has been put in the preparation of clean Fe(001) surfaces. Therefore, in
this chapter some details on the cleaning of the Fe(001) whisker will be given. First,
the special growth conditions of the Fe(001) whisker will be discussed. Secondly, the
mounting of these irregularly shaped samples will be described. Finally, different
cleaning recipes will be discussed. It will be shown that imperfect cleaning conditions
lead to various contamination-induced surface reconstructions. Often these recon-
structions were observed to induce facets or even three-dimensional structures like
pyramids. The frequency of their observation seems to imply that facet formation
on Fe(001) whiskers is a quite general phenomenon. In order to get a better under-
standing of these structures, oxygen dosage experiments were performed of which the
results will also be presented in this chapter.
3.2 Growth of Fe(001) whiskers
The whiskers used in the studies described in this thesis were grown in the early 1990s
at the Simon Fraser University (SFU), Burnaby, Canada. The growth process has
been described in detail in Refs. [5] and [6]. Briefly, FeCl2 powder is decomposed in
an iron boat which is placed in a stream of wet hydrogen at temperatures of around
750◦C. Whiskers probably grow preferentially along screw dislocations on the iron
boat (this process is described in chapter 19 of Ref. [7] and in Refs. [8, 9]). All the
crystal faces are (001) to a high degree of accuracy. Powder quality and convection
currents over the boat were reported to be the major important parameters controlling
the whisker growth [5].
The boat with Fe whiskers from the Simon Fraser University is shown in Fig. 3.1.
The arrow points at a typical Fe(001) whisker. The whiskers in this boat have typical
lengths of 5 to 10mm and have square-like cross sections (10 to 1000 µm wide). The
boats were stored in a dessicator (estimated pressure ∼ 10−3 mbar) with silica gel to
sustain a dry atmosphere. Whiskers which are stored in this way tend to form oxide
pits on the surface [10]. These pits can be easily seen under an optical microscope.
However, for the studies reported in this thesis, care was taken to select whiskers
which did not show these pits.
3.3 Mounting of whiskers
The irregular shape and small size of the whiskers makes proper mounting a challenge.
The first whisker studied was mounted by spot-welding cap-like leaf-springs over both
ends of the whisker. The whisker was horizontally aligned at 1.7mm above the center
of the commercial Omicron Ta STM sample holder. Because of the small widths of
the whiskers and the constraint that the Omicron UHV STM-1 allows only coarse
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Figure 3.1: Photo of Fe boat with Fe whiskers grown at Simon Fraser University.
The arrow points at a whisker.
movements in the horizontal direction, this alignment has to be very accurate. A
slight misalignment makes a proper tip approach impossible. Care also has to be
taken that all tips are mounted equivalently on the Omicron tip holders: a variation
of 1mm in the position of the tip apex might be enough for a failure of tip approach.
Under the center position of the whisker a hole was laser cut in the sample holder
to allow heating by direct electron bombardment. In this way, lower heater powers
could be used. However, no sharp LEED spots could be observed after many cleaning
cycles and STM showed an extremely rough surface. Ex situ inspection of this sample
showed that it bent during the frequent annealing cycles: due to the stiff mounting
on both sample ends the sample was not able to expand freely.
The second whisker was only mounted on one end to allow for thermal expansion.
Although now sharp LEED spots could be observed and excellent STM results could
be obtained, after a few sputter-annealing cycles the sample became loose. This re-
sulted in vibrations during STM operation: the Omicron 1/T gain had to be reduced
more and more to keep the feedback loop out of oscillation. Eventually, the sample fell
out of the holder. These examples show that it is not easy to find a balance between
mounting a sample too strongly or too weakly and some experience is needed. Fur-
thermore, the irregular shape of the whiskers makes simple leaf-spring constructions
problematic: on one side the sample can be clamped but due to the non-rectangular
shape the other side may come loose from the holder. More complicated solutions,
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like using leaf-springs connected by M2 screws, are hindered by the limited space on
the sample holder.
For the third whisker, a 0.3mm deep and 1mm wide channel was cut by spark
erosion in the Ta holder at a position of 1.7mm above the center and under an angle
of 30◦ with respect to the horizontal direction. The whisker lies in this channel
and is covered on one end by a leaf-spring (made from 0.3mm thick Ta foil). This
mounting leads to good Fe(001) surfaces (large terraces of ∼200nm can be observed).
Furthermore, more than 6 months of nearly daily sputter-annealing cycles did not
degrade the stability in STM proving that the sample is mounted properly now.
3.4 Cleaning of Fe(001) whiskers
The quality of the second (used before September 2000) and the third whisker was
equivalent: only a few sputter-annealing cycles were enough to prepare a clean Fe(001)
surface. For these whiskers the contamination level seems to be determined only by
the final preparation step. The first whisker could not be properly cleaned even
after many sputter-annealing cycles which is probably related to the high stress on
the surface caused by the overly stiff mounting on both ends. In this section, the
most important aspects of the cleaning process will be discussed. Sputter-annealing
cycles while ramping the sample temperature will be described. The influence of
post-annealing and sputter temperature on the contamination level will be discussed.
Finally, the importance of having extremely clean sputter gas will be shown.
3.4.1 Sputter-annealing cycles
The first step in the cleaning of fresh Fe(001) whiskers was to Ar+-sputter the sample
at room temperature (750 eV, 2-3µA, 4-6×10−5 mbar 1) in order to avoid diffusion of
surface contaminants into the bulk. Then the sample was sputtered at a temperature
of ∼750◦C for a few hours. The limitation of this temperature is the martensitic-
austentitic phase transition in the Fe-C phase diagram (which occurs at 723◦C for a
carbon weight concentration of 0.8% 2 but increases to 910◦C for zero carbon content
[11]) 3.
1The ion beam which has a FWHM of 2 mm at a 25 mA emission current is typically rastered on
a square of 1× 1 cm2.
2This corresponds to an atomic concentration of 3.5%.
3Above this phase transition αFe which structure is bcc (and is called ferrite) is transformed to
γFe (austenite) which structure is fcc. Unlike in ferrite, much carbon can be dissolved in austenite
due to the existence of large open interstices in the center of the fcc unit cell. However, upon slowly
cooling down, the structure transforms to bcc again and since the carbon cannot be dissolved any-
more it phase separates from the ferrite by forming long plates of Fe3C (cementite) surrounded by
ferrite Fe. The latter structure is called pearlite. If the γFe is rapidly quenched the carbon atoms
cannot diffuse out of the Fe and as a result the lattice becomes heavily distorted (this distortion gives
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Figure 3.2: (a) Auger spectrum taken at room temperature (grey bottom curve)
and taken after the Fe(001) sample had been heated up to 600◦ C (thermocouple
reading; black top curve). (b) Auger intensities (peak-to-peak-heights relative to
the 703 eV Fe signal) of the contaminants observed on the Fe(001) whisker sample
after successive flash anneals at different temperatures. (000426)
At this early stage of the cleaning process an Auger electron spectroscopy study
was performed on the sample. The grey curve in Fig. 3.2(a) shows an Auger spec-
trum performed after sputtering at room temperature. Many different contaminants
can be recognized: chloride, sulphur, carbon, nitrogen and oxygen. However, after
room temperature sputtering oxygen and carbon were the dominant contaminants.
The sample was heated up in steps of 100◦C (temperatures refer to the thermocouple
readings). After the surface had reached a particular temperature, the heater was
switched off since the electron beam heater used does not allow Auger spectra to be
measured simultaneously with the annealing. Instead, Auger spectra were recorded
during the cooling process. The black curve in Fig. 3.2(a) shows the Auger spectrum
which was recorded after the sample had been heated to 600◦C. It is clear that the
oxygen peak decreased, while the phosphor and sulphur peaks increased. Also visi-
steel its hardness). The latter structure is called martensite and is characterized by a needle-like
microstructure. Van der Kraan reported rough surfaces with disordered LEED patterns after anneal-
ing at temperatures higher than 780◦C [12] which was possibly related with this phase transition.
However, it should be noted that high temperature is not enough: also high amounts of carbon are
needed.
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ble is a peak around 290 eV. This peak is most likely caused by calcium impurities.
The shift compared to the carbon peak is obvious and therefore the peak at 290 eV
is not believed to be caused by carbon. This also implies that at a temperature of
600◦C the carbon contamination on the surface has drastically reduced. Figure 3.2(b)
shows the measured ratios of the contaminant Auger peak and the Fe 703 eV peak 4.
Clearly, the concentrations of sulphur and phosphor impurities increase upon heating
the sample, while the oxygen, carbon and chloride concentrations decrease. The max-
imum nitrogen concentration is found near 400◦C. The same behavior was reported
for Cr(001) [13] and V(001) [14] and can be explained by competitive segregation.
Repulsive interactions or competition for the same adsorption site leads to a sequence
of different segregands with higher segregation temperatures indicating either lower
mobility or lower segregation enthalpy. The segregation curve as shown in Fig. 3.2(b)
depends strongly on the history of the sample.
Segregation curves as shown in Fig. 3.2(b) can be used to clean the sample from
segregating bulk impurities more efficiently. From this curve it follows that sputtering
at low temperature cannot reduce sulphur and phosphor contaminants, while during
the post-annealing needed to obtain flat surfaces for STM these impurities segregate
to the surface. On the other hand, sputtering at high temperatures cannot efficiently
remove impurities like chloride, carbon and nitrogen since at high temperatures these
impurities have diffused into the bulk. Sputtering while ramping the temperature
of the sample through the peaks of the segregation curve is more effective since in
this way all the temperature intervals in which the different contaminants segregate
strongest to the surface will be obtained. A LabView program (which is often called a
virtual intrument, VI) was written which enables the Eurotherm e-beam heater control
unit to be controlled by computer. Using this LabView VI it was straightforward
to ramp the heater power (and consequently the sample temperature) with given
speeds. Since it must be able to perform sputter-anneal cycles at varying sample
temperatures during for example nights and weekends, safety interlocks are needed.
For this purpose, pressure and heater outputs are read by another LabView VI which
controls a relay switchbox. Both ion gun and Eurotherm controller are powered
by this switchbox. When the pressure or temperature exceed user-defined limits
(typically 10−5 and 10−6 mbar were used for the pressure and 100◦ and 550◦C for the
temperature) or in case of a failure of the Eurotherm controller or ion gun controller,
both heater and ion gun are switched off. In this way, long periods of sputtering at
unfavorable conditions like room temperature (if heater fails) which may lead to rough
surfaces, too high temperatures (above martensitic-austentitic phase transition), or
too high/low pressures can be prevented.
4In our studies the Fe peak is measured at slightly lower peak energies (685-695 eV). The reason
for this is that the Fe(001) sample is positioned not exactly in the focus point of the CMA leading
to peak shifts ∆E ∼ E∆x. Increasing the distance from the sample to CMA with 1 mm decreases
the Fe(703 eV) peak energy by ∼10 eV.
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Ts [
◦ C] C/Fe N/Fe O/Fe
20 < 5 < 5 12
100 < 5 < 5 27
200 10 < 5 22
300 11 < 5 20
400 10 < 5 18
500 10 13 12
20∗ 9 12 20
500† 10 < 5 10
500‡ < 2 < 2 4
Table 3.1: Auger spectroscopy results after sputtering the Fe(001) whisker at
room temperature and subsequent flash-annealing to 100, 200, 300, 400 and 500◦C.
The C(271 eV), N(379 eV) and O(503) dN/dE Auger peaks are normalized by the
Fe(703 eV) peak. Temperatures are thermocouple readings. The 20∗ row gives
the result of an Auger measurement on a sample which has been kept in the MBE
chamber for four hours after a flash-anneal to 500◦C. The 500† row gives a typical
Auger result after sputtering at high temperature followed by a 10 minutes post-
anneal. The 500‡ row gives a typical result after sputtering at high temperature
without post-annealing. This preparation leads to the cleanest surfaces and is
therefore used for the experiments discussed in this thesis.
In the early stages of the cleaning process these sputter-annealing cycles were
performed over periods of ∼12 hours. Typically the temperature was ramped between
∼200 and ∼700◦C (rising time ∼ 3 minutes, cooling time ∼ 9 minutes). After a
few periods of sputter-annealing cycles, only carbon and oxygen impurities could be
detected by Auger spectroscopy. Since their concentration depends strongly on the
final preparation step, it is believed that those impurities more probably are caused
by the final preparation step itself instead of by segregation from the bulk.
3.4.2 Role of post-annealing
Table 3.1 shows the results of Auger measurements as a function of flash-anneal
temperature (thermocouple readings) at a later stage of the cleaning process. Again
it is clear that the oxygen concentration decreases with increasing temperature during
flash-annealing. Nitrogen is observed at the highest flash temperature: its presence is
probably related with the bad quality of the sputter-gas at this stage (see subsection
3.4.3). Leaving the sample for four hours in the MBE chamber (to cool down to
room temperature) only affects the oxygen peak which almost doubles. All other
Auger ratios stay roughly constant. Also shown in this table are the Auger results
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mass base ion gun on heater on
2 (H+2 ) 2·10−10 7·10−10 7·10−10
12 (C+) 2·10−12 2·10−12 1·10−11
14 (N+/CH+2 ) 3·10−12 2·10−12 1·10−11
15 (CH+3 ) 9·10−12 7·10−12 4·10−11
16 (CH+4 ) 1·10−11 1·10−11 6·10−11
17 (OH+) 8·10−12 7·10−12 2·10−11
18 (H2O
+) 3·10−11 2·10−11 5·10−11
28 (N+2 /CO
+) 2·10−11 1·10−11 6·10−11
32 (O2+) 3·10−13 2·10−13 3·10−12
44 (CO+2 ) 7·10−12 1·10−11 3·10−11
Table 3.2: Analysis of residual gas with mass-spectrometry. Partial pressures (in
Torr) in the MBE chamber are given for: the base pressure, base pressure plus
ion gun switched on (settings as during sputtering), and base pressure plus heater
switched on (same power as during annealing). Note that mass 28 can be caused
by both N+2 and CO
+. The presence of a N+ peak at mass 14 (5% of N+2 peak)
might be an indication of nitrogen, although the CH+2 peak might also be quite
high (16% of CH+4 peak at mass 16).
after sputtering at high temperature (500◦C) with and without subsequent post-
annealing. It can be seen that an additional 10 minutes post-anneal at the sputtering
temperature (500◦C) leads to a high oxygen and carbon concentration. However, if
the heating is stopped at the same time as the Ar+ sputtering, the concentration of
oxygen is low (O/Fe = 4%) while all the other contaminants are below the Auger
detection limit.
Long post-anneals increase the concentration of contaminants as observed by
Auger spectroscopy. However, the segregation curve of Fig. 3.2 and the results
of Table 3.1 show that flash-anneals to high temperatures lead to a decrease of both
oxygen and carbon impurities. Although sulphur is not detected at this stage of the
cleaning process, the presence of nitrogen may now be responsible for the oxygen
and carbon diffusing back into the bulk. Regarding the diffusion kinetics it can be
estimated that a 50◦C difference in post-anneal temperature has the same effect on
the surface impurity concentration than a difference in annealing time of a factor
2 5. Therefore, a post-anneal of order 600 s (10min) compared to a few seconds is
expected to have a much stronger effect on the surface impurity concentration than
5For this estimation it is assumed that for bulk diffusion < (∆x)2 >= 6D∆t and that the impurity
concentration on the surface scales with this length. Furthermore, a temperature of 700◦C and an
activation energy for diffusion of 1 eV [11] are assumed for the Arrhenius-like diffusion coefficient D.
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Figure 3.3: (a) Typical large scale STM image (Vs = −1.0 V, I = 0.12 nA,
200×200 nm2). The image is differentiated along the vertical direction. In this
representation, monoatomic upward steps (which are 0.14 nm high) are visible as
bright lines. The inset shows a 67×67 nm3 large area of the terrace where a 20 pm
high bump can be observed. (b) Typical small scale STM image (Vs = −1.0 V,
I = 0.12 nA, 20×20 nm2) which shows the oxygen impurities very clearly. The
inset shows a cross section along the dotted line over the marked oxygen impurity
which is 15 pm deep and 0.3 nm wide (FWHM). (000809/11/17)
temperature fluctuations of ∼ 50◦C.
Moreover, when the heater is at the power used for annealing the partial pressures
of almost all residual gases increase as the mass-spectrometry results in Table 3.2
show (the ion gun has only an effect on the hydrogen partial pressure) 6. This gas is
released in the vicinity of the sample which is at the same time at high temperature.
This might be in favor of e.g. CO dissociation [15]. Lu et al. have shown that for
coverages lower than 0.15ML all adsorbed CO dissociates on the Fe(001) surface for
temperatures higher than 150◦C (but C and O atoms also recombine and desorb again
above 500◦C [16]).
Figure 3.3 shows STM images of the Fe(001) whisker after being sputtered at
750◦C (pyrometer reading) without additional post-annealing. From Fig. 3.3(a) it is
clear that the cooling of the sample from the sputter temperature is already enough to
heal any sputter damage. Terraces with widths up to ∼200nm are typically observed.
The inset shows that on the terrace also bump-like defects appear. The concentration
of these kind of defects is ∼ 1 × 1010 cm−2. These defects have heights varying
between 20 and 90pm and widths between 3-5 nm. These defects may be related to
6The mass-spectrometer measurements of Table 3.2 were performed almost half a year after a
new heater filament was installed and the heater had been used almost daily.
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implanted Ar ions [17, 18]. Michely et al. reported the same kind of bumps on the
Pt(111) surface which were ascribed to elastic lattice deformations caused directly or
indirectly by overpressured subsurface helium bubbles [18]. These defects were also
seen at the Fe(001) whisker which was too losely mounted which makes a relation
with stress unlikely. Furthermore, they are observed with the same concentration
after sputtering with clean and contaminated sputter gas (see next subsection) which
makes a relation with implanted impurity ions (other than Ar) also unlikely. Although
Ar could not be detected by Auger spectroscopy, a mass-spectrometry analysis of
the residual gas in the MBE chamber showed that the partial Ar pressure increases
to 1 × 10−10 torr when heating the sample to 450◦C. Heating without the sample
loaded in the manipulator did not show such an increase. This is a strong indication
that the Ar is degassing out of the Fe(001) whisker (and Ta sample holder) which
makes a relation between the bumps observed in STM and Ar implantation likely.
Spectroscopy measurements on these defects will be presented in chapter 4.
Figure 3.3(b) shows a small scale STM image of this sample. The oxygen con-
taminants are clearly visible as 15 pm high and 0.3 nm wide depressions (see inset)7.
Their concentration can be estimated to be 1–2%. An Auger-peak-to-peak ratio O/Fe
of 4% was measured for this sample which allows for a calibration of the Auger data.
Figure 3.4 shows STM images obtained on the Fe(001) whisker after being sput-
tered at room temperature and subsequently post-annealed at 700◦C (pyrometer read-
ing) for 15 minutes. It can be seen in the differentiated STM image of Fig. 3.4(a)
that this final preparation step leads to complicated surface structures. Impurity-
induced structures cannot only be observed at the step edges and pinning centers
(such as marked “b”) but patches can even be found on the terraces (marked “c”).
Figure 3.4(b) shows a more detailed image of the complicated structure around the
step pinning center of Fig. 3.4(a). The structure follows the [110] and [11¯0] directions
(close-packed lattice directions are indicated in this figure). Along the [110] steps,
the protrusions are oval-shaped with a spacing of 0.6 nm in the [110] direction and a
spacing of 1.7 nm in the [11¯0] direction, i.e. the terrace width. Along the [11¯0] steps,
the protrusions are spherical with a spacing of 1 nm in both directions, i.e. terrace
widths and spacings along terrace. On the highest level of the pinning center both
spherical (indicated by “S”) and oval protrusions (“O”) can be observed. Their spac-
ings are 0.6 nm in the [110] direction and 1 nm in the [11¯0] direction. Figure 3.4(c)
shows a more detailed image of the impurity structure on the terrace. The distances
between the protrusions and the lines [which now follow the close-packed directions
of Fe(001)] are comparable to the lattice distance of Fe(001), i.e. 0.287nm.
It is not clear which impurities are causing the structures of Fig. 3.4. However,
at least two different structures can be recognized which might be an indication of
the presence of at least two different types of contaminants. The structures on the
7Note that this small width (FWHM) is quite exceptional for the high tunneling resistance used.
In chapter 4 it will be shown that for these setpoints mostly widths of around 0.7 nm are found.
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Figure 3.4: (a) Large scale STM image (Vs = −0.77 V, I = 0.05 nA,
100×100 nm2) obtained after room temperature sputtering followed by a 15 min-
utes post-anneal at 700◦C (pyrometer reading). The image is differentiated along
the vertical direction. In this representation, monoatomic upward steps (0.14 nm
high) are visible as bright lines (e.g. I), while downward steps are visible as
dark lines (e.g. II). (b) Small scale STM image (Vs = −1.0 V, I = 0.06 nA,
20×20 × 0.5 nm3) zoomed in on the step-pinning center marked “b” in (a) [large
white box]. “O” (“S”) marks an oval-shaped (spherical) protrusion. Close-packed
directions are indicated. (c) Small scale STM image (Vs = 1.0 V, I = 0.08 nA,
3.4×3.4 × 0.05 nm3) zoomed in on the terrace structure marked “c” in (a) [small
white box]. (010104/4/11/21)
terrace might be related to the room temperature sputtering since they were never
observed after high temperature sputtering. Sputtering at room temperature leads
to a very rough surface characterized by sputter holes. Annealing heals the sputter
damage but at the same time impurities degassing from e.g. the heater filaments may
experience an enhanced sticking probability and an enhanced dissociation probability
at the rough surface. Furthermore, segregation of bulk impurities may be enhanced
at the many steps and kinks which are available at the rough surface.
3.4.3 Quality of sputter gas
Argon gas (Hoekloos; purity 6.0) has been used for the sample cleaning. In the
first setup the sputter gas was lead through thin stainless steel pipes (outer diameter
OD 6 mm) which were connected by tube fittings (Swagelock) through an oxisorb
filter (Messer Griesheim) to the VG leak valve (SL setup). Later, this setup was
improved. The number of connections were minimized and the pipes (3 mm OD was
used) were welded into UHV conflat flanges (34 OD). In this way all components
could be properly fitted by copper gaskets. The oxisorb filter was removed since it
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H+2 CO
+ + N+2 O
+
2 CO
+
2
SL 1·10−9 1·10−9 1·10−11 1·10−11
CG 2·10−9 6·10−11 2·10−12 2·10−11
Table 3.3: Partial pressures (in Torr) of the most prominent impurities in the
sputter gas. SL refers to the setup with the Swagelock connections and CG to the
setup with the copper-gasket connections.
adds some weak connections. A six way cross (Vacuum Generators, 34 OD flanges)
was connected to the loadlock. This allows pumping of the gas lines with the loadlock
turbopump. A pressure of 10−7 mbar can be reached in the gas lines. In the following
this setup is referred to as CG setup. Table 3.3 shows the results of an analysis of
the sputter gas by mass-spectrometry. For this purpose Ar was leaked into the MBE
chamber up to a pressure of 1 · 10−5 mbar. The quality of the sputter gas in the CG
setup is clearly much better. The high partial pressure of CO/N2 (mass 28) for the
SL case is mainly caused by an increase of N2 as verified by an inspection of the peaks
of C+ (mass 12) and N+ (mass 14). Despite the oxisorb filters, the partial pressure
of oxygen is a factor 10 higher in the SL setup. The partial pressure of H2O (peak at
mass 18) is difficult to estimate since it coincides with a peak of Ar++36 . This peak has
a sensitivity of 0.2% compared to the Ar peak at mass 40. Thus, a partial pressure of
7 ·10−7 Torr of mass 40 will lead to a partial pressure at mass 18 of 1 ·10−9 Torr which
is in correspondence with the observations. The relatively high N2 and O2 partial
pressures are caused by air leaking into the sputter gas lines. Their presence might
have lead to implantation of these impurities in the Fe(001) whisker during sputtering.
Sputtering with the SL setup lead to the observation of facets and pyramids on the
Fe(001) surface.
3.5 Facet formation on Fe(001)
The large scale STM images of Fig. 3.5 show structures which were frequently but not
reproducibly observed on the Fe(001) whisker surface. Figure 3.5(a), (b) and (c) are
measured on different samples [(a) even on a different whisker] which were prepared
with equal parameters: 2-3µA Ar+ sputtering (750 eV) at 750◦C (pyrometer reading)
followed by a 5-10 minutes post-anneal at the same temperature. The SL gas line
setup (as described in section 3.4.3) was used. The combination of bad sputter gas
(containing air) and long post-anneals clearly leads to complicated and irreproducible
structures.
Figure 3.5(a) shows a large terrace on the left and a step bunched area on the right
side of the image. In this area 37 meandering monoatomic steps can be observed
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Figure 3.5: Large area STM images of the Fe(001) whisker. The images show
the data in the differential mode in which the grey scale is proportional to the
gradient of the height variation along each scan line. In this mode the brightness
is related to the slope of the surface along the fast scan direction: upward steps
appear bright while downward steps appear dark. Each step is 0.14 nm high. L
refers to the lowest terrace, H to the highest. (a) shows the formation of a facet
at an area with a high step density (Vs = −1.0 V, I = 0.06 nA, 200×200 nm2).
Close-packed directions are indicated. (b) shows how an area with an effective
height difference of three monoatomic steps accounts for this difference by use
of two pyramids (Vs = 0.52 V, I = 0.04 nA, 150×150 nm2). The inset shows the
upper pyramid enlarged. (c) shows that besides (flattened) pyramids (indicated
by 1) also holes (inverted pyramids; indicated by 2) can be observed (Vs = −1.0 V,
I = 0.06 nA, 400×400 nm2). (000811/26;001115/17;001128/2)
within a distance of ∼100nm which corresponds to a local vicinal angle of 3◦. In
the center of the image it can be seen how steps are forced along the [11¯0] lattice
direction with equal spacings between them (1.75 nm although sometimes a spacing
of 1.24 nm is found). In this context it must be realized that the step spacing cannot
be accurately determined due to drift but that distances along the fast-scan directions
are expected to be least disturbed. Therefore, all spacings reported in this section are
obtained along directions close to the fast scan direction. The conservation of step
density also shows that the heights of the steps on the facet are the same as those of
isolated Fe(001) monoatomic steps (0.14nm).
Figure 3.5(b) and (c) show that the same kind of facets may lead to pyramids [in
(b) and (c)] or even to inverted pyramids [in (c)]. The height/depth of these structures
is around 1-2 nm. The faces of these pyramids consist of equally spaced monoatomic
Fe(001) steps along the [11¯0] or [110] directions.
The observed phenomena show resemblance with the oxygen-induced faceting to
Cu(014) observed on vicinal Cu(001) surfaces [19, 20]. In these studies, the faceting
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was ascribed to the high stability of the (2
√
2×√2)R45◦-O missing-row reconstruction
of Cu(001) (see e.g. [12] and Refs. therein for a description of this reconstruction).
Therefore, it seems reasonable to ascribe the faceting on the Fe(001) whisker sur-
face to a very stable impurity superstructure. As discussed in previous sections, the
sputtering with the SL setup in combination with long post-annealing times gave rise
to three different species of impurities: oxygen, carbon and nitrogen. Due to the
presence of air in the sputter gas, it is even possible that these impurities became
implanted in ionic form during sputtering. The presence of these impurities was also
confirmed by weak carbon, nitrogen and oxygen peaks (around the detection limit) in
the Auger spectra. It should be realized that, although the facets are most likely built
up by an impurity structure, the total occupation of facets is small (less than 1% of
total area) while the large terraces are quite clean (impurity coverage less than 2% as
estimated by STM) making chemical identification by Auger spectroscopy impossible.
Figure 3.6 shows two high resolution STM images obtained with different setpoints
on the faceted area of Fig. 3.5(a). A stepped grey scale is used. The black-white
range corresponds to 0.05nm on each terrace. The black/white borders at the step
edges which are marked by horizontal white arrows are artifacts of this representation.
Clearly visible are dark rows running along the [11¯0] step direction. The width of one
terrace equals 3.5 times the spacing of these dark rows (d1) as the white marker lines
in (a) and (b) show. In Fig. 3.6(a) protrusions in the [11¯0] white band closest to the
down-step can be resolved (10 pm high; marked P) which a periodicity of d2 ∼0.44nm.
Two black spheres are drawn on top of these protrusions in Fig. 3.6(a) to guide the
eye. Figure 3.6(b) shows a rectangular lattice of depressions (black spheres are drawn
to guide the eye). Their spacing is ∼0.44nm along the step direction. The spacing
perpendicular to the step direction (d1) is estimated to be ∼0.5 nm (i.e. terrace width
divided by 3.5). The lattice of the depressions cannot be a simple square lattice
since the asymmetry of the structure which manifests itself as dark and bright lines
parallel to the steps is not compatible with a simple square lattice. Furthermore,
it is this asymmetry which forces the steps to run along the [11¯0] direction. The
drawn dark lines in Fig. 3.6(b) show that along the direction perpendicular to the
steps the depressions coincide with these lines for every second terrace. For adjacent
terraces, the lines fall either on top or exactly in between the rows of depressions. The
deviation of 90◦ for perpendicular lattice directions due to drift has no influence on
this conclusion since the direction of the drawn dark lines is unambiguously defined
by three depressions on the same terrace (which is, however, not the case in Fig. 3.7).
The ratio of small to large terrace widths (1.24 nm to 1.75 nm) is in perfect agree-
ment with the ratio of 2.5 to 3.5 times the structure periodicity along the step direction
(both 0.71). The distance between depressions along the step direction may be equal
to the Fe(001) spacing in this direction (
√
2 × 0.287 = 0.41nm) but the distance
perpendicular to this direction is clearly expanded compared to the Fe(001) lattice
(3.5×√2× 0.287 = 1.42nm compared to 1.75 nm). Closest resemblance is found for
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Figure 3.6: STM images obtained on the faceted area of Fig. 3.5(a). In these
images a stepped grey scale has been used: the black-white range corresponds
to approximately 0.05 nm on each level. Steps are indicated by horizontal white
arrows. Each step is 0.14 nm high. The highest (lowest) level is indicated by
a H (L). (a) shows dark rows parallel to the [11¯0] steps (Vs = +0.52 V, I =
0.04 nA, scan size: 4.0×3.7 nm2). The spacing between these rows is ∼0.5 nm
(d1). On the bright row closest to the downward steps, protrusions (e.g. marked
P and by two black spheres) can be resolved which are separated by a distance
∼0.44 nm (d2). (b) shows that dark spots can be resolved on the dark rows (Vs
= +0.07 V, I = 0.21 nA, 3.4×2.7 nm2). Their spacing along the step direction
is ∼0.44 nm (d3). The white drawn lines in both images show that the terrace
width does not correspond to an integer number of the spacing between the dark
rows of the reconstruction (but is rather 3.5×d1). The black drawn lines in (b)
show that the rows along three dark spots in the direction perpendicular to the
steps are shifted half a “dark-spot lattice constant” along the step direction for
neighboring terraces (black spheres are meant to guide the eye). Also visible are
large depressions centered on the dark rows which are 80 pm deep [e.g. marked D
in (a)]. (000811/27/42)
9 units of
√
2
2 × 0.287 = 1.82nm making the facet (1 1 17) relative to the Fe(001)
lattice.
In Fig. 3.7 atomically resolved STM images are shown which were obtained on one
of the faces of the pyramid of Fig. 3.5(b). The width of the terraces is 1.86± 0.03nm
which corresponds again with a (1 1 17)-like facet relative to the Fe(001) lattice.
Although in this case dark rows along the step direction can also be observed, the
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Figure 3.7: STM images obtained on the faceted area of Fig. 3.5(b). Stepped
grey scales have been used which cover approximately 0.1 nm on each level. The
lowest (highest) level is indicated by L (H). Each step is 0.14 nm high. Close-
packed lattice directions are indicated in both images and are copied from the
atomic Fe(001) lattice obtained on the terrace. Due to drift the angle between
these directions deviates from 90◦. (a) shows an image of an area where the facet
starts from the (001) surface (Vs = −0.9 V, I = 0.05 nA, 10.5×10 nm2, scan angle
is 0◦). Although more details are visible than in Fig. 3.6, the dark rows parallel to
the steps in the [11¯0] direction can also be observed here. The black arrow points
at a step to guide the eye. (b) shows an image which is scanned under an angle
(Vs = −0.9 V, I = 0.05 nA, 10×10 nm2, scan angle is 50◦). The white drawn lines
show that the terrace has a width of four times the period of the dark rows. Due
to drift the direction perpendicular to the step edges is ambiguous. The two sets
of black lines (dotted indicated by A, drawn by B) and the white spheres indicate
two different symmetries of the structures with respect to the steps. The angle of
the close-packed directions is copied on the two grids and shows that the “in-phase
symmetry” of grid B is most likely. The large spherical depressions (80 pm deep)
are centered on the dark rows. (001128/33/39)
structure reveals some differences compared to Fig. 3.6. First, the white drawn lines
in Fig. 3.7(b) show that the terrace width equals 4 times the dark row spacing in this
case (no smaller widths were observed). The periodicity in this direction is therefore
estimated to be 0.46 nm. Secondly, the direction perpendicular to the step edges is
ambiguous for this structure. Due to drift a deviation from a perfect 90◦ angle is
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expected. Two sets of dark lines are shown in Fig. 3.7(b): the dotted set marked
A makes an angle of 87◦ with the step edges, the drawn set marked B an angle of
93◦. Lines A show the same symmetry with respect to the step edges as Fig. 3.6: for
adjacent terraces the lines have to be slipped half a lattice constant of the impurity
structure along the step edge to cover equal positions. The lines marked B, however,
cover equal positions on adjacent terraces. The close-packed directions as measured
on the clean terrace are also shown in these figures and show that due to drift the
angle between these directions is slightly larger than 90◦. This observation makes the
symmetry of lines B more likely.
In Fig. 3.7(b) starting from the left (lower) side, on each terrace the first row shows
protrusions which are 20pm high and separated by 0.43 nm along the step direction.
The second row shows protrusions (20 pm high) with the same spacing which are
slipped half a lattice spacing (relative to the structure on the first row) along the step
direction. In the third bright row, the protrusions cannot be resolved. The fourth
row again shows protrusions (20 pm high) with a spacing of 0.43 nm along the step
direction which are slipped half a lattice spacing in this direction compared to the
structure observed on the first row. In addition to the complicated structure 80pm
deep spherical depressions with a concentration of 2–2.5% can be observed which
are centered on the dark rows. It should be noted that the concentration of these
depressions on the terrace of Fig. 3.7(a) is significantly higher (3.5%). Furthermore,
the depressions on the terrace are more shallow (10pm deep) which could imply that
they are related to different species or different electronic configurations.
Although it is clear that the facets observed on the Fe(001) whisker (Fig. 3.5) are
stabilized by the asymmetric structures shown in Fig. 3.6 and 3.7, the origin of these
structures is less clear. As stated before, quite likely oxygen, carbon and nitrogen
impurities are present at the surfaces showing the facets. The differences in the struc-
tures shown in Fig. 3.6 (on the step bunched area) and Fig. 3.7 (on the pyramids)
may imply that these structures are induced by different impurities. Furthermore,
the presence of the large deep depressions (more in Fig. 3.7 compared to Fig. 3.6)
seems to indicate that more than one species of impurities is involved.
Comparison with impurity-induced structures
In order to put the structures observed in a larger context, relevant work on oxygen,
nitrogen and carbon adsorbates on Fe(001) will be briefly discussed.
The oxidation of Fe(001) was recently studied by Roosendaal et al. [21, 22]. At
pressures of 1.0 × 10−6 mbar O2 the saturation thickness for the oxide is 1.8 nm at
room temperature and 3.1 nm at 120◦C. The first 0.8 nm grows as FeO (Fe2+ ions);
after this first layer the growth of an oxide which contains both Fe3+ and Fe2+ ions
was reported (mixed FexO/Fe2O3). The decrease of the oxidation rate was shown to
coincide with the appearance of Fe3+ ions. The concentration of Fe3+ ions was shown
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to decrease with oxidation temperature and annealing of the double-layer structure at
200◦C leads to the formation of an oxide containing almost only Fe2+. These results
seem to be in favor of the formation of an FeO-like oxide on the Fe(001) surface under
the conditions leading to the facets, i.e. thin oxide layer and annealing at 750◦C.
The growth of iron nitrides from a gas flow was studied by e.g. Grachev et al.
[23]. It was shown that a dissociation step for N2 was needed: either the gas had to
be flowed over an Fe surface at 900◦C or N atoms had to be produced from N2 in
an RF plasma. Even in that case a pure γ ′ phase (Fe4N) could only be grown when
H2 gas was added. Nitrogen on Fe(001) is known to form a highly stable c(2 × 2)
structure [24, 25]. This structure is so stable that it was even suggested that nitrogen
on the Fe(111) and Fe(110) surfaces reconstruct to c(2× 2)-N/Fe(001) like layers. It
was argued by Mortensen et al. that a c(2× 2)-N/Fe(001) type layer is very similar
to the (002) plane of bulk Fe4N. In their calculations a considerable stress was found
for the c(2× 2)-N/Fe(001) structure indicating that a smaller lattice constant for the
overlayer would be favorable. On a (111) or (110) surface, a single c(2×2)-N/Fe(001)
layer could choose a lattice constant which is smaller than on Fe(001). These results
seem not to be in favor for the structures observed on our Fe(001) facets: compared to
the Fe(001) lattice the lattice of the superstructure is expanded in the [11¯0] direction.
Furthermore, due to their lack of square symmetry the observed structures cannot be
due to a simple c(2× 2) structure.
Ko¨niger et al. studied the formation of iron carbides after carbon ion implantation
into iron [26]. Although the existence of cementite (θ-Fe3C) and other metastable
phases like Ha¨ggs-carbide (χ-Fe5C2) and η-Fe2C were demonstrated depending on
the ion fluence, annealing to 450◦C lead to θ-Fe3C. Regarding a possible carbon
structure, it is noteworthy that the annealing temperature of the sample (750◦C) is
close to the martensitic-austentitic phase transition in the Fe-C phase-diagram [11]
(see discussion in footnote 3 of this chapter). Cementite has an orthorhombic crystal
structure with lattice parameters a = 0.45nm, b = 0.51nm and c = 0.67nm [26]. The
lengths of a and b are comparable to those of the structure of Fig. 3.6 with a parallel
and b perpendicular to the steps. Nevertheless, the complex unit cell of cementite
seems hardly to fit with the experimentally observed unit cells.
In conclusion, the interpretation of the impurity-induced structures in terms of
known iron-oxide, iron-nitride, or iron-carbide phases or superstructures is not possi-
ble at this stage.
3.6 Oxygen dosing
3.6.1 Oxygen adsorbate induced structures
In order to elucidate the contamination induced structures observed on the Fe(001)
whisker, experiments were performed in which the sample was deliberately dosed
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with oxygen. The whisker was first cleaned by sputtering at ∼750◦C (pyrometer
reading). Oxygen (Union Carbide, 5.0 purity) was dosed at a pressure of 5.0·10−8
Torr (mass-spectrometer calibration) at room temperature for 100 s which corresponds
to a dosage of 5L. After dosage the sample was flash-annealed to ∼600◦C (pyrometer
reading). Auger spectroscopy showed a ratio for the O(503 eV) and the Fe(703 eV)
peaks of 30%. This dosage at room temperature and Auger O/Fe ratio were reported
to correspond with about one-half monolayer oxygen [27, 28]. Some early studies
reported a c(2× 2) LEED structure (e.g. Simmons et al. [27]) while others found
no evidence for this (e.g. Sakisaka et al. [28]). The latter group concluded (based
upon results of electron-energy-loss-spectroscopy (EELS), Auger spectroscopy and
work function measurements) that below 3 L, oxygen is dissociatively chemisorbed
while above 3L oxygen is incorporated into the selvedge.
The STM image of Fig. 3.8 which was obtained at high bias voltage (Vs = −1V)
shows that the oxygen dosage and post-annealing leads to a reconstruction of the
Fe(001) surface. Three different levels (marked 1, 2 and 3) can be differentiated
which are all covered by the same peculiar structure. The line profile along the black
line which is shown in Fig. 3.9(a) shows that the height differences between these
levels are only of order 0.06nm which is much below the Fe(001) interlayer spacing.
The corrugation of the structure is 0.02-0.03nm. The close-packed directions of the
Fe(001) surface are also indicated in Fig. 3.8(a). These directions have been copied
from STM images showing atomic resolution on the clean Fe(001) surface. Since for
the same sample the drift is comparable on a day-to-day basis (both magnitude and
direction, see chapter 2), deviations from perpendicularity can be compared. The
black spheres in Fig. 3.8(a) show the unit cell of the reconstruction. The structure
clearly follows the close-packed directions of the underlying Fe(001) lattice. Along
the [100] direction the spacing is 0.88±0.05nm which corresponds to three times the
Fe(001) lattice spacing. Along the [010] direction the spacing is larger: 1.13±0.05nm.
This corresponds to four times the Fe(001) lattice spacing. The spacing along the
[110] direction is 0.67±0.05nm. These spacings seem to suggest that this particular
preparation leads to an oxygen-induced c(3×4) reconstruction of the Fe(001) surface.
The domains which are always smaller than 10× 10nm2 are separated by anti-phase
like domain boundaries showing a height difference of ∼0.06nm. The dotted lines
in Fig. 3.8(a) show this clearly: on level 2 the lines cover the protrusions while on
level 3 they fall in between the [11¯0] rows of protrusions. Furthermore, in the ordered
structure a lot of defects can be observed [see e.g. arrow in Fig. 3.8(a)]. Remarkably,
domains with a 90◦ rotated orientation were not observed.
Figure 3.8(b) shows that at a lower voltage (−0.19V) more structure can be
observed in the unit cell of the oxygen-induced reconstruction. This unit cell which
is indicated in Fig. 3.8(b) by the white dotted lines has the same size as the c(3× 4)
unit cell of Fig. 3.8(a), although now this unit cell is built up by large depressions.
The line profile along the black line which is shown in Fig. 3.9(b) shows that these
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Figure 3.8: STM images of Fe(001) dosed with 5 L O2 at room temperature
followed by a flash-anneal to ∼600◦C. (a) Vs = −1.0 V, I = 0.12 nA, 20×20 nm2.
The close-packed directions of the Fe(001) surface as obtained from atomically
resolved STM images of the clean Fe(001) surface (angle deviates from 90◦ due to
drift) are also shown in this figure. Three different height levels can be recognized
which are marked 1, 2 and 3. The unit cell of the reconstruction is indicated
by black spheres. The two dashed lines show that the structure shifts half a
lattice spacing along the [110] direction on adjacent levels. The arrow marks a
defect. (b) Vs = −0.19 V, I = 0.12 nA, 3.4×3.4 nm2. The unit cell made up of
the large depressions which is indicated by the white dotted box has the same size
as the unit cell of (a). However, more structure is visible at lower bias voltage.
Protrusions in the unit cell are marked by black spheres. The arrows mark an
anti-phase domain boundary. Line profiles along the black lines in (a) and (b) are
shown in Fig. 3.9(a) and (b), respectively. (001123/3/33)
depressions are 0.05nm deep. The unit cell contains eight protrusions (marked by
black spheres) and it can be clearly seen that clusters of four protrusions surround the
deep depressions. The asymmetry of the unit cell is also obvious: the line connecting
two deep depressions along the [100] direction crosses two protrusions while along
the [010] direction it crosses three protrusion rows (two over the top, one over a
bridge site). Furthermore, the deep depressions are not four-foldly coordinated by
these protrusions. The protrusions neighboring the deep depressions along the [100]
direction are ∼0.02nm higher compared to those along the [010] direction. This could
be related to the fact that in these directions protrusions move towards each other or
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Figure 3.9: (a) and (b) Line profile along the black lines in Fig. 3.8(a) and (b),
respectively.
equivalently, the deep depressions are opened along this direction. Related with this
is the observation that the protrusions at the anti-phase domain boundary which do
not have a neighboring protrusion in the [100] direction [and are marked by arrows
in Fig. 3.8(b)] are even another 0.02 nm higher.
It should be realized that the interpretation of STM images of metal-oxide surfaces
is complicated by strong variations in the local electronic structure [29]. Therefore,
it is not straightforward to relate the protrusions and depressions to iron and oxygen
atoms. The image of Fig. 3.8(b) seems to suggest that the deep depressions are
oxygen atoms which were originally in four-fold hollow sites at the Fe(001) surface.
However the lattice constant of FeO (rock salt structure) is 0.431nm which implies
that the oxygen incorporation into the Fe(001) four-fold hollow site which leads to a
0.406nm lattice constant (i.e.
√
2× 0.287nm) results in a structure which is under
compressive stress. It would be more favorable for the structure to open the hollow
sites and thereby increasing the Fe-O bondlength to a more optimum value. This is
probably the driving force for the displacements of the protrusions away from ideal
lattice positions8. The interpretation of the deep depressions as oxygen impurities
also implies that their concentration at the surface layer is only 25% (or 17% with
respect to the unreconstructed surface since the unit cell of the reconstruction con-
tains two deep depressions and covers 12 Fe(001) unit cells). Since the Auger data
imply an amount of 0.5ML oxygen, the oxide layer must be thicker than one over-
layer. Furthermore, the oxide formation implies that in each unit cell 4 Fe atoms are
released since the unit cell of the reconstruction contains only 8 protrusions. It is
therefore not unlikely that a rough interface is created and the difference in interlayer
8A similar mechanism occurs for the (2 × 2)-Cp4g clock-reconstruction observed for 0.5 ML ad-
sorption of carbon on Ni(001) )[30, 31]. In this structure the top layer Ni atoms are displaced parallel
to the surface by alternate clockwise and anti-clockwise rotations about the C atoms in such a way
that the hollow sites occupied by the C atoms are enlarged.
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distance between Fe(001) (0.144nm) and FeO(001) (0.216nm) can possibly explain
the different levels.
No step bunching or faceting has been observed for the oxygen-dosed sample.
Nevertheless, it is clear that oxygen dosage at high temperatures may lead to recon-
structions of the Fe(001) surface.
3.6.2 Oxygen segregation induced structures
After the oxygen dosage experiment the sample was sputtered at ∼750◦C (pyrometer
reading) for one hour after which Auger measurements revealed an O(503 eV) to
Fe(703 eV) peak-to-peak ratio of 8%. Sputtering for another hour was believed to be
enough to obtain a clean sample again. Hereafter, instead of cooling the sample down
to room temperature, in the cool-down process the temperature was maintained for
45 minutes around 220◦C. Auger measurements showed that after this treatment the
O/Fe ratio increased to 20%. Since the O/Fe ratio was much lower after sputtering
at 750◦C, the increase of the oxygen contamination must be related to the more
effective segregation of oxygen out of the sample around 220◦C compared to 750◦C.
This is in agreement with the segregation study of Fig. 3.2 and Table 3.1. Moreover,
oxygen degassing from the surroundings is expected to be more effective at higher
temperatures and consequently must have a larger effect at higher temperatures.
Figure 3.10 shows large scale STM measurements performed on this sample. In
Fig. 3.10(a) depressed patches can be observed at the upper terrace along the step
edge. The line profile along the black line which is shown in the inset shows that
the height of these patches is approximately half the Fe(001) interlayer distance. The
differentiated STM image of Fig. 3.10(b) shows that some steps are running perfectly
along the [110] direction (marked by arrow). The steps are mostly 0.14nm high, but
steps of ∼0.07nm are observed as well. The [110] staircase structure which is marked
by the arrow consists of four 0.14 nm steps and three ∼0.07nm steps.
Figure 3.11(a) shows an STM image obtained on the terrace of Fig. 3.10(a). 30pm
deep spherical symmetric depressions are observed with a concentration of ∼30% 9.
These depressions seem randomly distributed. Nevertheless, in a few places surface
nearest neighbors along [110] and [11¯0] directions and even a local c(2× 2) order can
be observed. Surface nearest neighbors along close-packed lattice directions are not
frequently observed which seems to point to a repulsive interaction.
An STM image obtained on the depressed patch along the step edge is shown
in Fig. 3.11(b). This area is marked “b” in Fig. 3.10(a). The Fe(001) surface has
undergone a complicated reconstruction which is characterized by weak dark rows
9Comparison of the Auger O/Fe ratios leads to the conclusion that the oxygen concentration
in the surface layers after oxygen dosage was 0.3/0.2 × 30% = 45% which is consistent with the
discussion in subsection 3.6.1.
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Figure 3.10: Large scale STM images of the Fe(001) whisker after 45 minutes
of annealing at 220◦C. (a) Vs = −1.0 V, I = 0.06 nA, 200×200 nm2. Depressed
patches can be observed along the step. These patches are ∼0.07 nm above the
lower terrace as the line profile along the black line in the inset shows. “a” and
“b” refer to the enlarged images of Fig. 3.11(a) and (b), respectively. (b) Vs
= −0.75 V, I = 0.09 nA, 200×200 nm2. This image is differentiated along the
horizontal scan lines. H (L) indicates the highest (lowest) level. Step are mostly
0.14 nm high, although 0.07 nm steps also occur. The arrow shows steps that are
forced along the [110] direction. (001124/2/23)
along the [110] direction 10 with in between two rows of meandering protrusions. In
between these rows of protrusions depressions are observed. All these rows are marked
in the inset of Fig. 3.11(b) which shows the boxed area. The distance between the
weak dark rows (marked 1) is ∼1.1 nm (d1). The protrusions (on the rows marked 2
and 4) appear with different brightness: roughly half of them are 40pm high, while
the other half is only 10pm high. Although the black spheres in the inset clearly show
that the position of these protrusions is weakly meandering, their average spacing in
the [110] direction is ∼0.7 nm (d2). The [110] spacing between the depressions on
row 3 which are 40pm deep is ∼0.7 nm as well (d3). These depressions are also
not perfectly positioned on a line parallel to the [110] direction and roughly 50% of
these sites are not deeply depressed (“missing” depressions). The spacings are too
large to attribute the protrusions to single Fe atoms; they rather reflect electronic
effects. Nevertheless, the inset of Fig. 3.11(b) shows that it is tempting to define
the unit cell as indicated by the dotted white lines. By a comparison of spacings and
10This is clear from comparison with the close-packed directions of the Fe(001) surface which are
indicated in Fig. 3.11(a).
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Figure 3.11: Small scale STM images of the Fe(001) whisker after 45 minutes of
annealing at 220◦C. These images refer to the areas marked “a” and “b” in Fig.
3.10(a). (a) Vs = −0.05 V, I = 0.26 nA, 10×10 nm2. Oxygen impurities can be
clearly resolved as 30 pm deep depressions on the terrace. They align preferentially
along [110] and [11¯0] directions. One local c(2 × 2) domain is indicated. (b) Vs
= −0.10 V, I = 0.26 nA, 15×15 nm2. Equidistantially spaced (d1 ∼ 1.1 nm) rows
running in the [110] direction can be observed on the depressed patches along the
step edges. The distance between the bright protrusions is ∼0.7 nm (d2). The
distance between the 40 pm deep depressions along the [110] direction is ∼0.7 nm
(d3). The inset shows the area within the white box. The structure consists of 4
rows along the [110] direction: row 1 is a depressed line, row 2 and 4 consist of
protrusions, row 3 consists of deep depressions. A possible unit cell is indicated by
the white dotted lines. The protrusions are marked with black spheres. It can be
seen that the positions of the protrusions and depressions are weakly meandering.
(001124/5/14)
directions with the underlying Fe(001) surface, this unit cell can roughly be identified
as (3
√
2× 2√2)R45◦.
Since on the terrace where the oxygen concentration is 30% no reconstruction is
observed, it seems that at least a higher concentration is needed to reconstruct the
surface. Probably, at higher concentrations the stress in the surface layer becomes
too high. This stress is relieved by large displacements of the surface Fe atoms. If the
high oxygen contamination is related to segregation, the growth of the reconstruction
out of step edges seems to imply that segregation is most efficient here.
The same reconstruction is observed on the staircase structure marked by the
arrow in Fig. 3.10(b). Obviously, the strong asymmetry of the reconstruction forces
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the steps along the [110] direction. The widths of the terraces (on the local facet)
are 3 or 4 times the [11¯0] periodicity of the reconstruction (i.e. d1). Furthermore,
reconstructed and unreconstructed levels are always separated by ∼0.07nm high step
heights which explains the presence of both 0.14 nm and 0.07nm high step heights on
the staircase structure.
3.7 Summary and conclusions
The preparation of clean Fe(001) whiskers was discussed. It can be concluded that
mounting of the irregularly shaped Fe(001) whiskers is far from trivial and experience
is needed. Auger spectroscopy measurements as a function of flash-anneal tempera-
ture gave helpful information about the segregation behavior of the various impurities
in a new whisker. This information was utilized to optimize the sputter-annealing cy-
cles. With this technique it was possible to deplete the bulk of impurities relatively
easily. Furthermore, it was shown that the final cleaning step is most critical. The
influence of annealing time and quality of the sputter gas was discussed.
With imperfect cleaning conditions, many complicated superstructures could be
observed with STM. Many of these structures have a tendency to form facets on the
Fe(001) surface which can even lead to pyramids and inverted pyramids (holes). In
an attempt to elucidate these structures, oxygen was dosed. However, this lead to
new interesting structures. Explaining the observed structures in terms of known
oxide, nitride or carbide phases was not possible. First, it is not known what kind
of impurity (i.e. oxygen, carbon, or nitrogen) comprises these structures. Secondly,
the interpretation of STM images on metal-oxide (and -nitride or -carbide) surfaces
is quite complex. Structures may represent the real geometry, electronic effects or
a convolution of both. Furthermore, many known Fe-oxide structures reconstruct
which might even strongly depend on the preparation conditions. STM results on
e.g. Fe3O4(001) differ from group to group [29]. From this discussion it is clear that
oxides (and possibly also nitrides and carbides) form an interesting playground for
STM if additional surface techniques like low-energy-ion-scattering (LEIS) or x-ray
photoelectron spectroscopy (XPS) are used to give useful additional information.
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Chapter 4
Influence of defects on the
Fe(001) surface state
In this chapter an extensive STS study on the Fe(001) surface state is presented.
First, the influence of a tip-related voltage-dependent background on the apparent
peak energies in dI/dV and (dI/dV )/(I/V ) curves is discussed. This background is
found to be related to the apparent barrier height. By normalizing the dI/dV curves
by background-fitted tunneling probability functions, the Fe(001) surface state can be
uniquely determined at +0.17 eV. Then, the influence of various defects is studied. It
is shown that the surface state is quenched on both [100] and [110] directed steps. On
small nanoscale Fe islands, the surface state is found to shift towards higher energies.
This shift is explained in terms of quantum confinement. Oxygen contaminants are
shown to shift the surface state by 0.04 eV to higher energies. Finally, the electronic
structures on bump-like Ar-sputtering induced defects and screw dislocations are ex-
amined. On the first defects, the Fe(001) surface state is hardly disturbed but an
additional, defect-dependent, state is observed above +0.55V. Close to the cores of
screw dislocations upward peak shifts of 0.05V are found.
4.1 Introduction
In contrast to s, p-like surface states (see e.g. [1, 2] and references therein) little is
known about the local influence of adsorbates on the d-like surface states of transition
metals. This is remarkable because the Fe(001) surface state has been detected in
STS by several groups since 1995 [3, 4]. The only STS measurements performed on a
non-ideal Fe(001) surface were reported by Biedermann et al. who showed that on a
Fe96.5Si3.5(001) surface alloy, one-dimensional localization of the Fe(001) surface state
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on anti-phase domain boundaries leads to an upward peak shift to +0.6 eV [4].
Inspired by these STS experiments, many groups have calculated the band struc-
ture for the Fe(001) surface. A peak is always found in the minority spin channel of
the local density of states at the surface and in the vacuum, although the exact energy
position varies in different works, i.e. 0.2 eV [3], 0.3 eV [4], 0.17 eV [5], 0.19 eV [6, 7]
and −0.1 eV [8]. The calculations by Fang give an energy which is much lower com-
pared to the other calculations and the experimental results [8]. Papanikolaou et al.
showed that the atomic-sphere approximation (ASA) used by Fang is the reason of
this lower energy [7]. All the other calculations use a full-potential approach which is
a better description of the highly non-symmetric environment at and above surfaces.
The scatter in the surface state energies obtained by the various full-potential calcu-
lations is caused by the different approximations made for the exchange-correlation
potential and the use of different lattice constants (either theoretical or experimental)
[9, 10].
The dz2 -like charge density of this surface state implies that this state is much more
localized than the free-electron s, p-like surface states on the noble metal fcc(111) sur-
faces. Stroscio et al. argued that these states, therefore, can be used for chemical
identification with atomic spatial resolution [3]. Growth of submonolayers of Cr on
Fe(001) showed the impact of this technique: the embedded Cr atoms could be rec-
ognized by a different double-peak like feature in the dI/dV curves compared to the
surrounding Fe(001) area [11]. However, a strong repulsion of Cr atoms on nearest
and next-nearest neighbor sites was also found which makes the assumption of atomic
spatial resolution a priori too optimistic. It should be noted that the bcc(001) sur-
face state does not have a pure 100% dz2 -like character: also s, pz states are mixed
in. The latter ones are not only responsible for a strong asymmetry of the charge
density with respect to the surface plane and the slow decay into the vacuum (i.e.
due to this admixture these states can be detected in STS), but also lead to a lateral
delocalization in the vacuum region [4]. At typical STS setpoints the tip is quite far
away from the surface (typically 0.7–1nm) and at these distances the tip probes the
tunneling current over an area which is larger than a single atom, even for atomically
sharp tips [12]. The fact that on top of a Cr atom a double-peak structure was ob-
served is related to the decreased resolution at large tip-sample distance: not only
the electronic structure above the Cr atoms is probed but also the Fe atoms close to
the Cr contribute to the tunneling current [7]. This fact puts a question mark on the
atomic spatial resolution of chemical identification with the surface state technique.
Although, many groups have calculated the electronic structure of the ideal Fe(001)
surface, calculations for non-ideal surfaces are scarce. Fang et al. [8] calculated non-
ideal surface structures like oxygen adatoms, Fe adatoms, voids (all in a p(2 × 2)
structure), and steps (i.e. a periodic row of adatoms running in the [100] direction
within a p(2 × 2) unit cell) within the LSW method and supercell approach [8]. It
was found that the surface state disappears at a step and shifts slightly to higher
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energies at oxygen impurities. At the Fe adatom a shift of 0.1V to lower energies was
found. Although the use of a spherical potential leads to lower surface state energies
[7], qualitative results like shifts and disappearances of surface states might be still
correct.
In this chapter STS measurements are reported on ideal and non-ideal Fe(001)
surfaces. First, it will be shown that the peak energies found in both dI/dV and
(dI/dV )/(I/V ) curves strongly depend on the background. This voltage-dependent
background is shown to be related to the tip configuration. Secondly, the effect
of monoatomic steps and nanoscale islands on the surface state will be discussed.
Thirdly, the influence of single oxygen contaminants on the surface state will be
examined. Finally, the electronic structure on sputtering-induced bump-like defects
and screw dislocations on the Fe(001) surface will be studied.
STS measurements are performed by recording an I(V ) curve at each pixel of a
topographic scan which is imaged at the setpoint of the spectroscopy 1. dI/dV curves
are obtained by numerical differentiation of the I(V ) curves. The measurements
shown in this section were performed on clean Fe(001) surfaces 2, i.e. the impurity
concentration is typically below the detection limit of Auger spectroscopy and from
STM images this concentration is estimated to be lower than 0.01ML. However,
for slightly larger contaminated samples, Auger spectroscopy clearly shows that the
impurity atoms are dominantly oxygen (see chapter 3) and therefore (even when below
detection limit of AES) the contaminants are interpreted as oxygen impurities in this
chapter.
4.2 Influence of background on the apparent surface
state energy
In Fig. 4.1 the results of two typical STS measurement on a clean Fe(001) area
are presented. The black curves represent dI/dV and the grey ones the normal-
ized (dI/dV )/(I/V ). It can be clearly seen that the peak energies in dI/dV and
(dI/dV )/(I/V ) are not the same. The curves in Fig. 4.1(a) have a strong exponen-
tial background on the high energy side of the peak while for the curves in Fig. 4.1(b)
this background is completely absent. Due to this background, the peaks are found
at a slightly higher energy for the curves shown in Fig. 4.1(a) compared to those
shown in Fig. 4.1(b). The dI/dV curve of Fig. 4.1(a) shows a peak at +0.22V, while
the curve of (b) shows a peak at +0.16V. For the normalized curves the peaks are
found at +0.16V (a) and +0.12V (b), respectively. The influence of the exponential
background on the exact peak energy is considerable and makes a characterization of
the dI/dV curves with a parameter representing this background useful. One useful
1More details of the STS measurements are given in chapter 2.
2The preparation of Fe(001) samples is thoroughly discussed in chapter 3.
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Figure 4.1: Averaged dI/dV [black] and (dI/dV )/(I/V ) [grey] curves measured
on clean Fe(001) with different tip conditions. In (a) the peak in dI/dV is at
+0.22 V and an increasing background is visible at the high energy side of the
peak. In (b) the peak in dI/dV is at +0.16 V and no increasing background
is observed at the high energy side of the peak making this peak much more
pronounced than the peak of (a). The peak energies are always lower in the
normalized curves, i.e. +0.14 V for (a) and +0.12 V for (b). a and b indicate
the local minima on the low energy and high energy side of the dI/dV peak.
(001120/12;001117/23)
parameter is the ratio between the local minimum in dI/dV on the low energy side of
the peak and the local minimum on the high energy side. In Fig. 4.1 these two minima
are marked by arrows a (low energy) and b (high energy). Within this definition, a/b
equal to one corresponds to a Gaussian-like lineshape. With a/b decreasing to zero,
the high energy side background increases and the peak will eventually disappear in
the background. a/b larger than 1 corresponds to dI/dV curves where the background
is lower on the high energy side than on the low energy side. Table 4.1 shows the
peak energies of the surface state in the dI/dV and the (dI/dV )/(I/V ) curves as
a function of this background parameter for a set of STS measurements. For these
measurements the same setpoint of Vs = −1.0V and I = 0.5 nA was used (except for
the data marked by an asterisk which have been measured at −0.5V). The appar-
ent surface state energy varies between +0.16V (+0.12V) and +0.22V (+0.17V) for
dI/dV [and (dI/dV )(I/V )] and there is a clear trend that the peak energy shifts to
higher energies with decreasing a/b (i.e. increasing background on high energy side
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a/b dI/dV (dI/dV )/(I/V ) φ
0 shoulder 0.17 3.3
∗0.25 0.22 0.16
0.43 0.19 0.15 4.2
∗0.47 0.18 0.14 4.4
0.72 0.17 0.14 5.1
0.76 0.16 0.12
1.13 0.16 0.12 5.1
Table 4.1: Peak energies observed in dI/dV and (dI/dV )/(I/V ) curves as a func-
tion of the background ratio a/b (as defined in the text). The setpoint during the
STS measurements was Vs = −1 V (−0.5 V for data marked by ∗) and I = 0.5 nA.
φ indicates the most likely apparent barrier height during the STS measurement.
of peak). If this background becomes very high, the surface state cannot be observed
anymore in dI/dV as a peak, but is observed as a shoulder. Nevertheless, in that case
a peak can still be observed in (dI/dV )/(I/V ), although for even higher backgrounds,
this peak will eventually transform into a shoulder as well.
Since the STS measurements were performed on large (> 2×2nm2) clean Fe(001)
areas, the different peak energies summarized in Table 4.1 must be a result of different
tip configurations. The different apparent peak energies in the dI/dV curves can be
traced back to the presence or absence of the exponential background. Normalization
of dI/dV by I/V does not cancel this background as can be seen from the curves in
Fig. 4.1. It has been shown by Ukraintsev that neither dI/dV nor (dI/dV )/(I/V ) per-
fectly represents the local density of states (LDOS) [13]. Rather, Ukraintsev showed
that dI/dV normalized by its fit to the tunneling probability function gives the best
representation of the LDOS, at least within a one-dimensional WKB description of
the tunneling process. However, for accurate fitting, dI/dV curves need to be mea-
sured over a large voltage range (to describe the background accurately) which is not
always straightforward experimentally (i.e due to the nonlinear dependence of the
tunneling current on the sample voltage, conventional current amplifiers will become
overloaded at high bias voltages).
In order to obtain a better characterization of the tips leading to the different
backgrounds, apparent barrier height measurements were performed. At a fixed bias
voltage of −0.1V the tunneling current was increased in a few steps to a maximum
of ∼25nA after which it was decreased again. The corresponding tip displacements
z were measured as a function of the tunneling resistance R. Figure 4.2 shows the
results of these measurements. The vertical scale denotes relative tip displacements.
In a simple one-dimensional tunneling model (see e.g. [13, 14]) it can be shown that
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Figure 4.2: Tip displacement z as a function of tunneling resistance R for differ-
ent tip configurations. The slope of the linear fits (β) is related to the apparent
barrier height (φ). If a tip change occurs at low resistances, a different barrier
height is obtained from the tip retraction z(R) data (in all measurements [except
A] shown in this figure this occured). The inset shows the dI/dV curve measured
before tip displacement A (Gaussian lineshape; black curve) and after C (large
background and instead of a peak only a weak shoulder is observed; grey curve).
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on a logarithmic scale, there is a linear relationship between the tip displacement and
the tunneling resistance (z = βR). β is determined by the apparent barrier height
φ. It follows that φ = 0.0506/β2 eV nm2. The slopes of the curves in Fig. 4.2
are determined by fitting of linear functions (which are also shown in this figure).
High tunneling currents often lead to tip changes which are characterized by tip
displacements of less than 0.1 nm (see circle in Fig. 4.2 marking the tip change in
measurement B). A different slope is observed during tip retraction if a tip change
occurs. In these cases different functions were fitted to the tip-approach and tip-
retraction data.
The apparent barrier heights obtained from the fits to the z(R) measurements are
shown in Fig. 4.2. Before and after a particular barrier height measurement, an STS
measurement was performed as well. This allows for a direct comparison between the
surface state peak energies observed in dI/dV and (dI/dV )/(I/V ) and the apparent
barrier height present during the STS measurement. The results of Table 4.1 show
that low (high) apparent barrier heights result in a high (low) exponential background
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and therefore to a high (low) peak energy. The inset in Fig. 4.2 shows clearly the
impact of this effect. The Gaussian-shaped curve (black) was measured before tip
displacement A. From this z(R) a barrier height of 5.1 eV is deduced. The grey curve
which only shows a shoulder on a strong background (the surface state is not observed
as a peak in this case) was measured after tip displacements A, B, and C. From tip
displacement C an apparent barrier height of 3.3 eV is deduced.
The absolute tip-sample distance can be estimated from Fig. 4.2 by extrapolation
of the tunneling resistance to the contact point [i.e. ∼ h/(2e2) = 12.9 kΩ] where a
tip-sample distance of around 0.2–0.3nm is assumed. Therefore, at a typical STS
setpoint of 1 GΩ the tip-sample distance can be roughly estimated to be 0.8 nm for
the dI/dV measurement showing a strong peak and 1nm for the dI/dV measurement
showing a shoulder. The 0.2 nm larger tip-sample distance is therefore most likely
the origin of the larger exponential background. This can be understood within a
simple one-dimensional WKB approximation for tunneling. Within this model, the
voltage-dependence of the tunneling probability function T increases with increasing
tip-sample distance d, i.e. T (V )/T (0) ∼ exp[−2(κ(V ) − κ(0))d] with κ the voltage-
dependent inverse decay length (see e.g. [13, 15]).
Imaging of monoatomic steps with tips leading to the two extreme backgrounds
observed in dI/dV both show a step-smearing of 0.7 nm at the same STS setpoint (Vs
=−0.5V, I = 0.5 nA) 3. This and the observation that tip changes leading to apparent
barrier height variations from 1.4 eV to 5.1 eV only involve tip displacements smaller
than 0.1 nm seem to indicate that only the apex atom is involved in these tip changes.
Furthermore, oxygen impurities seem to be imaged slightly sharper with the high
background tip compared to the low background tip. Therefore, these effects might
be attributed to the difference in tunneling behavior between a metallic tip apex atom
(like W, Fe, Au) and a non-metallic one (like O). Electronegative atoms like oxygen
are known to increase work functions [16] which corroborates this interpretation. The
expected lower conductivity of a non-metallic tip (compared to a metallic tip atom)
may lead to a shorter tip-sample distance and therefore diminishes the effect of the
voltage-dependent background. The oxygen contamination on the Fe(001) surface
makes it not unlikely that (at extremely low tunneling resistances) oxygen atoms are
picked up/dropped by the tip. This is also in correspondence with the observation
that for STS measurements on Fe(001) surfaces covered with submonolayer Au islands
the Gaussian-like lineshape is not often observed (see chapter 6): the high mobility
of Au atoms makes it very likely that the tip-apex is covered with Au atoms 4.
3The lateral resolution in STM has been estimated to be [(0.2 nm)(R + d)]1/2, where R is the tip
radius and d is the width of the vacuum gap between tip and sample [12]. This formula shows that
with a single-atom tip (R ∼ 0.3 nm) and tip-sample distances of 0.8 and 1.0 nm resolutions of 0.47
and 0.51 nm are predicted. These predictions show that the 0.2 nm difference in tip-sample distance
hardly effects the resolution.
4I(V ) curves measured on Au covered surfaces are characterized by a large amount of spike-noise
which is attributed to Au atoms hopping from the sample to the tip or vice versa [17].
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4.2.1 Deconvolution of local density of states
As already briefly mentioned in the previous section, neither dI/dV nor the normal-
ized (dI/dV )/(I/V ) describe the LDOS very accurately. Both are affected by the
exponential background which was shown to be tip-dependent. Surface state ener-
gies were found between +0.14 and +0.22V in dI/dV curves and between +0.12 and
+0.17V in (dI/dV )/(I/V ) curves.
A scheme to extract the LDOS from a dI/dV measurement was proposed by
Ukraintsev [13]. It was shown that the best LDOS recovery is achieved when dI/dV
is normalized by the tunneling probability T which is given by:
T = tsexp[−10.24s(φ + V/2) 12 ] + ttexp[−10.24s(φ− V/2) 12 ] (4.1)
The first (second) term of T describes tunneling from the sample (tip) Fermi level
to unoccupied tip (sample) states. t [nA/V] is a proportionality coefficient which is
related to the tip-surface effective contact area and is proportional to the sample (for
ts) or the tip (for tt) densities of states at the Fermi level. φ [eV] is given by the
local work function (which is the average of tip and sample work functions in a first
approximation). s [nm] is the tip-sample distance. To extract these parameters from
experimental data, dI/dV should be fitted to T . Although this technique gives the
best LDOS recovery, at least within WKB simulations, experimentally there are severe
drawbacks. Non-linear fitting to a function with 4 parameters is not straightforward.
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Furthermore, dI/dV curves should be measured over large voltage ranges (at least
−2V < V < +2V) to describe T accurately. In general, dI/dV measurements are
performed in much smaller voltage windows.
In Fig. 4.3 a dI/dV measurement over a large voltage range between −2V and
+2V is shown. The (dI/dV )/(I/V ) curve shows that this normalization does not
cancel the exponential background. The peak energies in dI/dV and (dI/dV )/(I/V )
are +0.19V and +0.14V, respectively. The best fit function T is also shown: for
the parameters ts, tt, s, and φ values of 35 · 10+3 nA/V, 35 · 10+3 nA/V, 0.87nm,
and 2.0 eV were found, respectively. Although these parameters seem realistic, they
are not claimed to have a physical meaning 5. Nevertheless, the description of the
background is reasonable. dI/dV is normalized by this tunneling probability function
T : the result is also shown in this figure. The peak of this curve, which is not disturbed
by an increasing background anymore, is found at +0.17V. This value is in between
those found for dI/dV and (dI/dV )/(I/V ) at this particular tip configuration and is
considered to be the real surface state energy. Note that a peak energy of +0.17V
was also reported by Stroscio et al. despite the high exponential background present
in their dI/dV curves [3]. The reason is that Stroscio et al. obtained this peak energy
from a fitting of the experimental dI/dV curve to a Gaussian function plus quadratic
background. In this way, dI/dV is also normalized by some tunneling probability
function, although in their studies the exponential function T was approximated by a
quadratic one. The dI/dV curve of Fig. 4.3 was also fitted to a quadratic background:
the quality of the fit was worse compared to the fit to T although normalization of
dI/dV by the quadratic function could restore the correct peak energy of +0.17V as
well.
The peak width is determined by thermal broadening of the Fermi edge at room
temperature (3.5kT ∼ 0.09 eV) and lifetime effects (see e.g. [18]). Stroscio et al.
reported a FWHM of 0.13V for the Fe(001) surface state measured by STS [3] which
they compared to the thermal broadening in the measurement. This value was ob-
tained by fitting the dI/dV curve showing a high exponential background to a Gaus-
sian function plus a quadratic background. Due to the strong effect of the background
on the peak width, it only makes sense to compare correctly background-compensated
FWHMs. However, Fig. 4.3 shows that dI/dV normalized by T does not have a
Gaussian lineshape which makes the definition of a width ambiguous. The low energy
side is sharper than the high energy side. The interpretation of this lineshape is not
straightforward: the surface state has an upward dispersion (see Genser [19]) and
although states at Γ¯ contribute most, states with larger k‖ also contribute but have
a smaller tunneling probability (see e.g. [7]). Thus, all the states contributing are
broadened by lifetime effects and Fermi-Dirac broadening. The sharper low energy
5The parameters were found ad hoc. These parameters lead to a much better fit than the ones
found by Gnuplot. Furthermore, the fitting parameters are strongly correlated, which means that
there might exist other parameter sets which give equally correct (or even better) fits.
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[100] step [110] step
bulk surface top bottom top bottom
n.n. 8 4 4 6 4 5
n.n.n. 6 5 4 5 3 5
Table 4.2: Number of nearest (n.n.) and next-nearest neighbors (n.n.n.) for bulk
bcc, the bcc(001) surface, and for atoms at the upper (top) and lower (bottom)
terrace along [100] and [110] directed monoatomic steps.
side of the correctly normalized curve in Fig. 4.3 suggests that 0.17V is the onset
of tunneling into the surface state band and that the broadening on the low energy
side of the peak is due to Fermi-Dirac and lifetime broadening of the Γ¯ surface state.
Using the same definition as used in [1, 2, 18], a width of 0.24V is found for the
onset of tunneling into the surface state at Γ¯. This 0.24V includes thermal broaden-
ing of the Fermi edge at room temperature and lifetime effects like electron-electron
and electron-phonon scattering. These considerations show that if the background
is properly accounted for and if a theoretical description is available, it should be
possible to study lifetimes of 3d surface states with e.g. a variable temperature STM.
4.3 Monoatomic steps
Among defects on surfaces, steps are the most common. The coordination of Fe atoms
differs at a step from the ideal surface as Table 4.2 shows. Compared to the surface
the number of nearest neighbors is increased for the atoms on the lower terrace next to
a monoatomic step (to 5 and 6 for a [110] and [100] directed step, respectively). It is
therefore expected that the electronic structure will be different at a step. Fang et al.
calculated a step structure (i.e. an adatom line in the close-packed [100] direction
with a periodicity of two lattice constants) within the localized spherical wave (LSW)
method [8]. It was found that the density of states for this step shows no specific
features near the Fermi energy. Although, this method does not give the accurate
energy for the surface state due to the use of a spherical potential (see introduction
of this chapter), qualitative results as the disappearance of the surface state may still
be considered correct.
In Fig. 4.4 STS measurements are shown over monoatomic steps on the Fe(001)
surface. Figure 4.4(a) shows the constant current image taken at the setpoint of
spectroscopy (Vs = −0.5V, I = 0.5 nA, 15×15nm2): three steps which run parallel
to the [11¯0] direction are observed. At each pixel of this image (75×75 pixels) an I(V )
curve was measured. Figure 4.4(b) shows the dI/dV map at the surface state energy
of +0.17V. The steps appear as dark lines in this image which is a clear indication
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Figure 4.4: STM and STS measurements over monoatomic steps on the Fe(001)
surface. Steps in the [11¯0] direction are observed in (a) which is imaged at the
setpoints for spectroscopy [Vs = −0.5 V, I = 0.5 nA, 15×15 nm2]. (b) dI/dV map
at Vs = +0.17 V. (c) Line profiles along the white dashed lines in (a) and (b).
A step along the [010] direction can be observed in (d) and (e) [Vs = −0.5 V,
I = 0.5 nA, 10×10 nm2]. The line profiles along the white dashed lines in these
topographic and dI/dV (+0.17 V) images are shown in (f). (010226/8;001120/24)
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Figure 4.5: (a) Averaged dI/dV curves measured on the terrace and along the
steps of Fig. 4.4(a) (order of 10 curves for the steps, 100 curves for the terrace,
which explains the better signal to noise ratio for the latter one). (b) Correspond-
ing I(V ) curves showing the effect of the surface state on the Ohmic background.
(010226/8)
that the surface state is quenched at the steps. The line profiles along the white
dashed lines in Fig. 4.4(a) and (b) show that the width of the depressed lines in
the dI/dV map (∼1.0 nm) correspond to the smearing of the monoatomic steps at
this particular STS setpoint. Figure 4.4(d) shows an STS measurement on an area
showing monoatomic steps running parallel to the close-packed [010] direction (Vs =
−0.5V, I = 0.5 nA, 10×10nm2). The corresponding dI/dV map [Fig. 4.4(e)] also
shows these steps as depressed lines. The line profiles along the white dashed lines
in (d) and (e) are shown in Fig. 4.4(f) which show that for the [010] steps the width
of the step-broadening and dI/dV reduction also equals ∼1.0 nm. Obviously, at both
[010] and [11¯0] steps the Fe(001) surface state is quenched. The observation that
the width of the depression in dI/dV equals the width of the step-smearing seems
to imply that both widths have the same origin: the reduced resolution at the high
tunneling resistance setpoint used during STS. It was tried to increase the resolution
during STS by changing the setpoints to lower bias voltages and/or higher tunneling
currents. However, bias voltages lower than 0.5V and tunneling currents higher than
a few nA generally lead to overloads in the current amplifier at the ends of the voltage
range during I(V ) measurements (typically −1 to +1V). Observable effects on the
resolution are, however, only expected if the setpoints are changed by some orders of
magnitude [12].
To find out whether at the steps the surface state is only reduced in amplitude or
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completely quenched, dI/dV curves obtained at the center of the steps are shown in
Fig. 4.5(a). A tip configuration lacking a high background on the positive energy side
of the peak is chosen [see surface state peak in Fig. 4.5(a)], since for these tips the
peaks are most pronounced. The fact that (even with this tip configuration) no peak
is observed but rather a flat dI/dV shows that the surface state completely disappears
at the step center. Figure 4.5(b) shows the corresponding I(V ) curves: the curve is
almost linear at the step, indicative of Ohmic behavior. The strong non-linearity in
I(V ) due to tunneling into the surface state on the terrace is clearly visible.
4.4 Confinement at Fe nano-islands
An interesting question regarding the localized Fe(001) surface state is how large an
Fe(001) area must be to show the surface state. In order to clarify this question,
small amounts of Fe were deposited on the Fe(001) surface at relatively low tempera-
tures. Figure 4.6(a) shows the results of such an experiment: 0.1ML Fe was deposited
at a sample temperature of 40◦C with a rate of 0.2ML/min. The island density is
∼1·1013cm−2 which is comparable to the results of Stroscio et al. for the homoepi-
taxial growth of Fe on Fe(001) [20]. At each pixel of this figure (Vs = −0.52V, I =
1nA, 10×10nm2) a dI/dV curve was obtained. Figure 4.6(b) shows the dI/dV map
at the surface state energy (+0.18V). In correspondence with the previous results
for monoatomic steps, the steps of the islands appear depressed in this dI/dV map.
dI/dV curves obtained on various islands (marked in the dI/dV map) are shown in
Fig. 4.6(c). Compared to the clean terrace (curve 1; peak at +0.18V), the peak in
dI/dV has shifted by ∼0.06V towards higher energy on the island marked 2 (curve
2; peak at +0.24V). On island 3 the peak has further shifted to +0.33V. Finally,
on island 4 only a very small bump on the background in dI/dV is observed. This
island is 0.10 nm high and has a full width at half maximum of 1.1 nm along the long
direction and 0.6 nm along the short direction. The height and widths seem to suggest
that this island consists of only a few atoms. However, it is unlikely that Fe adatoms
are stable at the growth temperature of 40◦C. It is therefore more likely that the
smallest islands represent dimers or trimers.
In order to check for a possible relationship between surface state energy and
island size, I(V ) measurements have been performed on various islands. As a first or-
der approximation, these islands are characterized by two lengths, L1 and L2. These
lengths are defined as the distance from half-maximum island height to half-maximum
island height along the close-packed [100] and [010] directions. For the growth con-
ditions leading to the islands shown in Fig. 4.6, these lengths vary roughly between
0.5 nm and 1.6 nm. In Fig. 4.7 the peak energies in both dI/dV and normalized
(dI/dV )/(I/V ) are plotted as a function of 1/L21 + 1/L
2
2. A clear trend is visible:
the Fe(001) surface state shifts towards higher energies for decreasing island lengths.
The highest dI/dV peak energy found was +0.33V. The (dI/dV )/(I/V ) data in Fig.
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Figure 4.6: STS measurement on the Fe(001) surface covered with 0.1 ML Fe
at 40◦C. (a) is the topographic image (Vs = −0.52 V, I = 1 nA, 10×10 nm2).
At every pixel a dI/dV curve was measured. (b) shows the dI/dV map at the
surface state energy of Vs = +0.18 V. The numbers in (b) refer to the dI/dV and
corresponding (dI/dV )(I/V ) curves shown in (c) and (d), respectively. These
curves are averages of typically 10 single curves. (001121/21)
4.7 suggest that even for smaller islands (1/L21 + 1/L
2
2 > 3nm
−2) the Fe(001) state
state has shifted. However, the high background in these measurements (a/b < 0.4)
is unfavorable to detect peaks in dI/dV [(dI/dV )/(I/V )] at higher voltages than
∼0.33V (∼0.28V). A tip with less background was difficult to obtain during these
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Figure 4.7: dI/dV and (dI/dV )/(I/V ) peak energies obtained on nanometer-
sized islands as a function of 1/L21 + 1/L
2
2. L1 and L2 are the island lengths
along the [100] and [010] lattice directions, respectively. The vertical dotted lines
indicate the peak energies of the curves shown in Fig. 4.6. (001121/19/20/21/22)
measurements which might be an indication for a metallic atom on the tip apex (the
small Fe islands make it probably easy to pick up an Fe atom). Nevertheless, on the
smallest islands [e.g. curve 4 in Fig. 4.6(c)] dI/dV is different compared to the dI/dV
curve obtained on the steps (for which dI/dV above the Fermi level is lower as curve
5 shows). In the normalized (dI/dV )/(I/V ) still a weak peak can be observed around
+0.24V which might be an indication that on the smallest islands, the surface state
is not completely quenched but rather shifted towards an even higher energy where
it cannot be resolved from the background 6. On both Fe adatoms on W(110) [21]
and on Pt(111) [22] a peak in dI/dV was detected at 0.5V above the Fermi level 7.
However, the electronic structure of an isolated Fe atom on these substrates may be
different to that of an Fe adatom on an Fe(001) surface. For this case, Fang’s calcula-
tions show a peak in the surface LDOS at −0.2V for the Fe adatom [8] which is even
lower than the value found for the clean Fe(001) surface.
Growth of 0.1ML Fe at 130◦C lead to islands with sizes varying between ∼2–3nm.
The surface state has converged to the clean Fe(001) value on these islands. This
6The peak around 0.6–0.7 V in (dI/dV )/(I/V ) is observed for all curves except curve 5 and is
related to the flattening of the dI/dV curves. Since this behavior is even observed for the clean
Fe(001) [only in these measurements], it is not believed to be related to the density of states. A
possible explanation can be a non-linear behavior of the amplifier close to overloading.
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observation is in agreement with the data of Fig. 4.7.
The upward peak shift with decreasing island size seems to imply that this peak
shift is caused by confinement. The energy band of the Fe(001) surface state shows
an upward dispersion around Γ¯: the energy increases with increasing k‖ [19, 23].
The observed peak shift to 0.6V on one-dimensional Fe lines was explained in terms
of confinement of the Fe(001) surface state [4]. If space is confined to length L, the
wavevector of the surface state becomes quantized: i.e. k‖ = n · piL (with n an integer).
The lowest possible k‖ is piL and due to the upward dispersion the lowest available
energy in the surface state band shifts to a slightly higher value. Consequently,
larger surface state energies are expected for smaller Fe islands. Although a proper
physical description of the localization on the islands is more complicated (taking into
account the real island sizes 8 and a full description of the Fe(001) bandstructure),
in a first order approximation the peak shifts are expected to be proportional to
1/L21 + 1/L
2
2. Therefore, both the dI/dV and (dI/dV )/(I/V ) data clouds are fitted
to linear functions which are also shown in Fig. 4.7. The peak energies for the clean
terrace (i.e. 1/L21 + 1/L
2
2 = 0) are assumed to be most accurate and consequently,
only one free fitting parameter is used.
Due to both the large inaccuracy in the data points and the simplicity of the
theoretical model, the fitted lines are merely considered as a guide to the eye. Nev-
ertheless, the description may be quite reasonable as the following calculation shows.
If a shift of 0.43V is assumed for localization along an one-dimensional line [4], a
phenomelogical formula for the peak shift can be derived:
∆E = 0.43V ·
[(
0.3
L1
)2
+
(
0.3
L2
)2]
(4.2)
Here 0.3 nm is the width of the one-dimensional Fe lines in [4], and L1 and L2 are
the lengths of the long and short axis of the island. If L1 and L2 are both taken to
be 1.2 nm, 1/L21 + 1/L
2
2 = 1.4 nm
−2 which is frequently experimentally observed, see
Fig. 4.7, a peak shift of 0.05V is predicted by the phenomelogical formula which is
in good agreement with the shifts observed. These considerations show at least that
the order of magnitude of the peak shifts found on differently confined features (lines,
small and large islands) are compatible.
4.5 Impurities
Figure 4.8 shows the results of an STS measurement on Fe(001) contaminated with
oxygen impurities. In the constant current image obtained at the setpoint of STS
(I = 0.5 nA, Vs = −0.5V) the oxygen impurities are visible as very weak depressions
8In this context it should be realized that the confinement barriers do not have to be positioned
exactly at the step edges [24].
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Figure 4.8: STS measurement on Fe(001) covered with oxygen impurities. Each
image contains 75×75 pixels and covers 15×15 nm2. (a) Constant current image
at setpoint of STS (I = 0.5 nA, Vs = −0.5 V). (b), (c) and (d) Images of the
peak energy, amplitude, and width, respectively, which are obtained by fitting the
dI/dV curve of each pixel to a Gaussian lineshape with a constant background of
0.5 nA/V. The two arrows (marked 1 and 2) refer to the curves of Fig. 4.9. The
white lines refer to the line profiles of Fig. 4.10. (010501/21)
which have a depth of only 2–4pm. dI/dV curves were measured at every pixel
simultaneously with this constant current image. Prior to this measurement the tip
was reconditioned by voltage pulses in order to give an optimum peak-like appearance
of the Fe(001) surface state in the dI/dV curves (see section 4.2) which enables these
curves to be fitted to Gaussian lineshapes. In a first approximation the background
is taken to be constant: 0.5 nA/V for this measurement. Furthermore, dI/dV is
only fitted in a small interval around the peak (between −0.5V and +0.5V for this
measurement). The results of the fitting routine (peak energy, amplitude and width)
are shown in Fig. 4.8(b) to (d). From the image of the peak energies it is observed that
the peak energy increases at the impurities. The impurities are also clearly seen as
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Figure 4.9: Single dI/dV curves measured at a clean area [arrow 1 in Fig. 4.8(a)],
and at a large depression [marked by arrow 2 in Fig. 4.8(a)]. The best-fit Gaus-
sians are shown as well (grey curves). (010501/21)
depressions in the peak amplitude image. From this image the impurity concentration
on the surface is estimated to be 0.8%. Finally, the image of the peak widths shows
that the surface state peak also broadens at the impurities.
In Fig. 4.9 two single dI/dV curves of this measurement are shown: curve 1 is
measured on a clean Fe(001) area (marked by arrow 1 in Fig. 4.8), curve 2 on the
large depression (marked by arrow 2 in Fig. 4.8). It is not a priori clear whether
this large depression is a cluster of oxygen impurities or a contaminant different from
the smaller ones. The Gaussian functions which are the best fits to these two curves
are also shown in this figure (grey curves). Although the single dI/dV curves are
somewhat noisy, the reasonable agreement with the Gaussian functions is obvious.
Especially, it can be shown that the correct peak energy is found within 0.01V. At
background [nA/V] energy [eV] amplitude [nA/V] width [eV]
0.4 0.19 (0.28) 0.94 (0.51) 0.35 (0.45)
0.5 0.19 (0.28) 0.88 (0.42) 0.30 (0.37)
0.6 0.18 (0.28) 0.82 (0.32) 0.25 (0.30)
Table 4.3: Results of fitting curve 1 and 2 of Fig. 4.9 to a Gaussian function
with different fixed backgrounds, i.e. 0.4, 0.5, and 0.6 nA/V. The values between
brackets are those for curve 2. The parameter a/b (see text) is 0.75 for this
measurement.
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Figure 4.10: Line profiles along the white lines in Figs. 4.8(a) to (d). These fig-
ures were first averaged over 3×3 points to obtain smoother profiles. (010501/21)
the large depression the peak energy is increased from 0.19V to 0.28V. The values
for the peak amplitude and width are more dependent on the exact value taken for
the background. This is shown in Table 4.3 were results of the fitting routine as
a function of the background value are summarized. Nevertheless, obtaining this
background value as an independent fitting parameter was not possible.
Figure 4.10 shows line profiles along the white lines in Fig. 4.8(a) to (d) which
cross a small weak depression. The cross section of the topographic image shows
that this depression is only 3 pm deep and 0.8 nm wide (FWHM). These observations
in combination with their low concentration and spherical symmetry makes the in-
terpretation of these depressions as single impurities very likely. The cross section
of the peak energy image shows that one oxygen contamination shifts the Fe(001)
surface state towards a 0.04 eV higher energy. The peak amplitude decreases from
0.8 nA/V at the clean Fe(001) to 0.55 nA/V (∼30% reduction) at the impurity. The
width of the peak increases from 0.30 eV to 0.36 eV, although it should be noted that
the fit results for the peak widths (and amplitudes) strongly depend on the value of
the fixed background chosen. This effect is demonstrated in Table 4.3 in which the
results of the fitting routine are shown for three different background values. Figure
4.10 clearly shows that the widths of the dips (z and amplitude) and peaks (energy
and width) in the line profiles over the oxygen impurity are equal within the accuracy,
i.e. 1.0±0.2nm. Therefore, this width gives an indication of the lower resolution dur-
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Vs at Fe at O a b ratio a/b
peak peak peaks
[V] [nA/V] [nA/V] [nA/V] [nA/V]
−0.5 2.4 1.9 0.98 1.02 0.80 0.96
−0.2 6.4 5.7 2.4 2.5 0.9 0.96
+0.17 3.9 4.1 1.7 1.8 1.05 0.94
+0.5 1.5 1.3 0.58 0.63 0.9 0.92
Table 4.4: dI/dV peak amplitude of the Fe(001) surface state and quenching at
oxygen impurity as a function of setpoint voltage (I = 0.5 nA). The low and high
energy side background (a and b) and their ratio are also shown in this table.
(010103/8/9/10/11)
ing STS compared to atomically resolved STM. The range of influence of one single
oxygen impurity on the Fe(001) surface state might be much lower. The low resolu-
tion during STS is due to the relatively large tip-sample distance (0.8–1.0nm as was
argued in section 4.2) at the typical STS setpoints used, i.e. I = 0.5 nA, Vs = −0.5V
(see also introduction of this chapter). The widths of the features in the line profiles
over the large depression are also equal within the accuracy, although larger (1.8 nm).
Here, the peak energy increases from 0.19 to 0.28 eV and the peak amplitude reduces
∼50%, while the broadening of the peak is comparable to the broadening over single
impurities (from 0.30 to 0.37 eV) [see Table 4.3].
The influence of the background parameter a/b was discussed already in relation
with the peak energy. However, the peak amplitude and peak width are even more
dependent on the tip configuration. It is therefore not a priori possible to compare
peak amplitudes and widths of different measurements. Nevertheless, these parame-
ters can be compared between measurements with same background behavior. Table
4.4 shows the surface state peak amplitudes as a function of setpoint voltage at a fixed
tunneling current of 0.5nA. The background parameter a/b was around 0.95 during
these measurements. Also shown are the peak amplitudes of the (shifted) peak at a
single oxygen impurity.
Choosing the setpoint at the surface state energy of +0.17V leads to the ap-
parently strange result that the surface state is amplified instead of quenched at
the impurity. This result can be understood by considering the different relative
tip-sample distances at the selected setpoints. At −0.5V the oxygen impurities are
imaged (under these particular tip conditions) as 1 pm deep depressions. This smaller
tip-sample distance at the oxygen impurities is estimated to lead to a 2% decrease of
the tunneling resistance (and therefore to a 2% increase of dI/dV ) 9. Therefore, at
9This estimation is based upon the simple tunneling equation I ∼ exp(−2κd). Here d is the
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Figure 4.11: (a) Atomically resolved STM image on a bump-like defect on the
Fe(001) surface (Vs = −2 mV, I = 2.9 nA, 10×10 nm2). The atomic lattice is
clearly undisturbed on the protruded area (40 pm high). The close-packed lattice
directions are indicated in this figure. The distortion of the orthogonality is caused
by drift. (b) Averaged dI/dV curves measured on the Fe(001) terrace and the
defect. The effect on the surface state is very small, although a new feature arises
in dI/dV at +0.55 V. (010226/20)
the impurity the LDOS is 22% lower than on the clean Fe(001). At the surface state
energy, tunneling into this state leads to an expansion of the tip towards the surface
above the impurity in order to keep the tunneling current constant. The roughly 22%
lower LDOS at the impurity leads to a ∼12pm shorter tip-sample distance. Conse-
quently, the dI/dV signal is amplified by a factor 1.3 at the surface state energy. The
LDOS peak reduction of 0.78 becomes now slightly amplified in the apparent dI/dV
peak by 0.78×1.3 = 1.01.
4.6 Bump-like defects
Large scale STM images of the Fe(001) surface reveal bump-like defects with a density
of 1×1010 cm−2 (i.e. 1 in each 100×100nm2). Cross sections over these defects show a
typical Gaussian-like lineshape with heights varying between 20 and 80pm and widths
between 3 and 5 nm (FWHM). These defects are most likely caused by implantation
of Ar during sputtering as discussed in chapter 3.
tip-sample distance (in m) and κ roughly equals 1·10+10 m−1 (see e.g. [15]).
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Figure 4.12: (a) STM image obtained on an area showing a bump-like defect
(Vs = −1.0 V, I = 0.5 nA, 20×20 nm2). The defect is 50 pm high and 4 nm wide
(FWHM). dI/dV is measured at each pixel of this image. (b) dI/dV map at Vs =
+0.14 V. (c) dI/dV map at Vs = +0.55 V. An additional feature appears at this
energy in the dI/dV curves measured on the defect (see Fig. 4.11). (d), (e) and
(f) Images of peak amplitude, energy and width obtained by fitting the +0.14 V
peak to a Gaussian lineshape. The lines refer to the line profiles shown in Fig.
4.13. (010226/16)
Atomically resolved STM images could be obtained on an area showing such a
defect. Figure 4.11(a) shows that the atomic lattice continues over the 40pm high
bump. The dI/dV curves of Fig. 4.11(b) are measured on the (flat) terrace and the
protruded bump, respectively. They reveal that on the defect apart from a very weak
upward shift (∼ 0.03V) the Fe(001) surface state is not severely disturbed and that
an additional peak at +0.55V is observed. The features in dI/dV below the Fermi
level are seen in both curves and are therefore attributed to fine structure in the tip
LDOS.
The topographic image taken at the setpoint of spectroscopy and corresponding
maps of dI/dV at the voltage of the Fe(001) surface state peak energy (+0.14V for
this particular tip configuration with a/b = 2.4) and the defect peak (+0.55V) are
shown in Fig. 4.12. The dI/dV maps clearly show that the defect is nearly invisible
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Figure 4.13: Line profiles over the defect of Fig. 4.12 in the topographic, dI/dV
(+0.55 V), and Fe(001) surface state peak energy image. (010226/16)
for the Fe(001) surface state and that the dI/dV peak at +0.55V is localized at the
defect. The single dI/dV curves of each pixel of the STS measurement shown in
Fig. 4.12(a) are fitted in the voltage range between −0.5 and +0.3V to a Gaussian
function with a fixed voltage-independent background of 0.7 nA/V (i.e. low energy
side background is used). The results of this fitting routine, i.e. peak amplitude,
energy and width, are shown in Fig. 4.12(d), (e) and (f), respectively. Clearly, the
largest effect can be seen in the peak energy map. The influence of the defect on the
amplitude and width of the surface state is small. Also it should be noticed that on
some impurities slightly lower peak energies (0.01V) are found than on clean Fe(001).
It was checked that this is not an artifact of the fitting procedure. The origin of this
effect is the lower background on the high energy side of the peak compared to the
low energy side, i.e. a/b > 1, which shifts peaks in dI/dV towards lower energies as
was shown in section 4.2. Small and broad peaks are expected to be more influenced
by the background than strong and sharp peaks. Therefore, the downward shift is
obviously larger for the impurity peaks (which have smaller and broader peaks) than
for the clean Fe(001) surface state peak. This may lead to the situation where on
some impurities (those with the weakest peaks) lower peak energies are found than
on clean Fe(001).
The range of influence of the defect-induced features can be estimated from line
profiles over the defect in the topographic, dI/dV and peak energy images which are
shown in Fig. 4.13. The z and peak energy line profiles are Gaussian-like with widths
(FWHM) of 3.7 and 3.0 nm, respectively. The feature in the dI/dV map at Vs =
+0.55V has a more step-like appearance: dI/dV is increased from the background
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∆z ∆x ∆z∆x surface state shift defect peak
[nm] [nm] [V] [V]
0.041 3.7 0.011 +0.03 +0.55
0.037 3.0 0.012 +0.01 +0.62
0.024 4.0 0.006 +0.00 +0.75
0.082 5.2 0.016 +0.00 +0.95
Table 4.5: Effect of bump-like defect on electronic structure of Fe(001). The
defects are characterized by their heights (∆z) and their widths (∆x). ∆z
∆x
is
assumed to be a measure for the lattice expansion. The shift of the Fe(001)
surface state peak and the energy of the additional defect peak are given.
value (∼ 0.4nA/V) to an almost constant value of ∼0.9nA/V at the defect. The
smearing between the two constant values is of order ∼1nm and has therefore prob-
ably the same origin as the smearing at steps, single impurities, etc., i.e. the low
resolution at the STS setpoint.
Table 4.5 shows STS results on various bump-like defects. All these defects have
Gaussian-like cross sections which allows to obtain their heights (∆z) and widths (∆x)
from a fit. The variations of widths and heights for these type of defects are obvious
from this table. The energy of the Fe(001) surface state is only found to shift for the
first defect by a reasonably large amount (+0.03V). At the defect, additional peaks
are found between +0.55 and +0.95V. At first sight, no clear correlation between
∆z or ∆x with the surface state shifts or defect peak energy can be seen. Since the
atomic lines are undisturbed, it is assumed that lifting the surface layer by ∆z over
a length ∆x leads to an expansion of the surface atomic lattice at the defect. ∆z∆x is
taken as a measure for this expansion. However, also this parameter does not show a
straightforward correlation with the electronic features. Nevertheless, it seems clear
that the Fe(001) surface state shifts by detectable amounts if the additional defect
peak is at relatively low energy. Moreover, Fig. 4.11(b) shows that this peak shift is
real and not an artifact of the fitting routine 10.
4.7 Screw dislocations
Besides the defects described in the previous section, screw dislocations have been
frequently observed. A dislocation marks the boundary between slipped and unslipped
10If the additional peak moves closer to the Fe(001) surface state peak, the two peaks may overlap
and fitting of the surface state peak with a single Gaussian function becomes complicated. For this
reason, the fitting is limited to voltages between −0.5 and +0.3V. Furthermore, the overlap of the
two peaks may lead to apparent peak shifts.
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Figure 4.14: (a) STM image of a screw dislocation on the Fe(001) surface
(Vs = −0.52 V, I = 0.55 nA, 20×20 nm2). A dI/dV curve was measured at ev-
ery pixel. (b) dI/dV map at Vs = +0.14 V. (c) dI/dV curves (average of ∼ 5)
representative of the clean Fe(001) (curve 1), core of dislocation (curve 2), oxygen
impurities (curve 3), and along the step within a distance of 0.5 nm from the core
of the dislocation (curve 4). (010227/8)
parts of a crystal: if this boundary is parallel (perpendicular) to the slip direction
it is called a screw (edge) dislocation. The screw dislocation may be thought of
as produced by cutting the crystal partway through with a knife and shearing it
parallel to the edge of the cut by one atom spacing [25]. Successive atomic planes
are transformed into the surface of a helix which explains the name of this type of
dislocation. Near the dislocation line the crystal is highly strained and therefore, an
influence on the electronic structure is to be expected.
Figure 4.14(a) shows an STM image over a screw dislocation. The step starts
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at the point where the dislocation line reaches the surface. The height reaches
the monoatomic step height of Fe(001) [0.144nm] at a distance of about 2 nm from
this point. dI/dV curves were measured on every pixel of this image (pixel size is
0.27×0.27nm). Figure 4.14(b) shows a dI/dV map at Vs = +0.14V which is the
energy of the peak observed on the clean Fe(001) areas. From this image it follows
that the surface state is quenched at the step almost immediately at the disloca-
tion core (see circle in these images). Representative dI/dV curves (averages of ∼5
curves) are shown in Fig. 4.14(c). Curve 1 represents the curve obtained on the clean
Fe(001) areas: for this particular background (a/b = 0.6) the peak is observed at
+0.14V. Curve 2 shows the curves obtained at the end of the dislocation line. Here,
the peak has shifted to +0.19V. As mentioned before, at this point the crystal is
highly strained which may explain the observed effect on the surface state. Curve 3
shows the curves measured on the impurities: the peak has shifted only 0.02V in this
case and is quenched. Curve 4 shows the curves measured at the step within 0.5nm
from the dislocation core. Already at this close distance where the step height has
certainly not reached the full interlayer distance of 0.14nm yet (which is reached only
at ≈2nm) the surface state has completely disappeared.
4.8 Summary and conclusions
In this chapter a detailed study of the Fe(001) surface state has been presented. First,
the influence of the tip on the apparent peak energy in dI/dV and (dI/dV )/(I/V )
curves was analyzed. Depending on the condition of the tip, apparent peak energies
for clean Fe(001) were found to vary between +0.16 and +0.22V in dI/dV curves,
and between +0.12 and +0.17V in (dI/dV )/(I/V ) curves. The apparent peak energy
was shown to be related to the voltage-dependent background: the presence of this
background shifts peaks to higher energies, the suppression of this background shifts
peaks to lower energies. Small tip changes (leading to z displacements smaller than
0.1 nm) were shown to lead to large variations in the apparent barrier heights. A
correlation was found between the dI/dV background and the apparent barrier height:
a large (small) background was found to correspond to a low (high) apparent barrier
height. These effects were related to the type of atom at the tip-apex.
It was shown that if the surface state peak is heavily distorted by a voltage-
dependent background, the correct surface state energy can still be extracted by
normalizing the dI/dV curve by the fitted tunneling probability function. In this
context, the physical meaning of the peak width has been discussed and it was argued
that if the background is perfectly removed and if a thorough theoretical model is
available, study of lifetimes of 3d surface states may become possible.
It was shown that the Fe(001) surface state is completely quenched at monoatomic
steps in both the [100] and [110] directions. The range of influence of the step on the
electronic structure was estimated from the width of the step-induced depression
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in dI/dV maps. The fact that this range (∼1 nm) equals the broadening of the
step in the topographic image obtained along with the spectroscopy measurement,
suggests that this range is caused by the low resolution during STS measurements
(typically performed at 109 Ω). A study of the electronic structure with a better
spatial resolution would require a few orders of magnitude lower tunneling resistance
during STS which is not straightforward if conventional current amplifiers are used.
Size effects on the surface state were studied by growth of nanoscale Fe islands. On
very small islands upward peak shifts were observed. A relation between decreasing
island size and increasing peak energy was established. This upward peak shift could
be qualitatively understood in terms of quantum confinement.
The influence of single oxygen impurities on the surface state was shown to be
small: the surface state shifts to a 0.04 eV higher energy on isolated impurities. Maps
of peak amplitude, energy and width which were obtained by fitting the single dI/dV
curves to Gaussian functions show that the Fe(001) surface state is disturbed within
a distance of ∼1nm. It was argued that this distance is determined by the resolution
at the STS setpoint.
Bright protruded areas with Gaussian profiles (heights between 20 and 80pm and
widths around 3–5nm) were observed with a density of 1× 1010 cm−2. These bump-
like defects are likely caused by implanted Ar ions. The +0.17 eV surface state is
hardly influenced by these defects. Furthermore, an additional peak was observed in
dI/dV curves which energy was seen to vary between +0.55 and +0.95V for various
defects. Screw dislocations were observed less frequently. The surface state is shifted
towards ∼0.05 eV higher energy on the core of the dislocation where the crystal is
known to be heavily strained. Already very close to this core (at about 0.5nm) the
surface state is completely quenched at the step although the step height has not yet
reached the full 0.144nm Fe(001) interlayer distance here.
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Chapter 5
Scanning Tunneling
Spectroscopy Study on Mn
Films deposited on Fe(001)
In this chapter an STM and STS study on the growth of ultrathin Mn films on
Fe(001) will be reported. The main part of this study is devoted to submonolayer
growth in the temperature range between 50 and 200◦C. For growth temperatures
above 100◦C, atomically resolved STM images with chemical contrast clearly reveal
the incorporation of Mn atoms in the Fe(001) substrate. The fraction of place ex-
changed Mn atoms is observed to increase with growth temperature. Although on
islands a local c(2 × 2) structure is formed which is attributed to an ordered MnFe
surface alloy, long range order could not be obtained for the growth temperatures and
coverages studied. Spectroscopy results are presented for clean Fe(001), pure Mn ad-
islands, single incorporated Mn atoms and c(2× 2)-ordered MnFe areas. In contrast
to embedded Cr atoms in the Fe(001) surface [Phys. Rev. Lett. 76 (1996) 4175],
isolated embedded Mn atoms do not lead to double peak structures in dI/dV curves.
Nevertheless, on the ordered c(2 × 2) MnFe structure and the pure Mn monoatomic
islands surface states are detected as peaks in the dI/dV and (dI/dV )/(I/V ) curves.
However, due to the strong influence of a tip-dependent background on these peaks,
the corresponding surface state energies cannot be unambiguously defined. The real
surface state energies were recovered by normalizing the measured dI/dV curves by
fitted quadratic backgrounds. Thus, surface state energies of about +0.35 eV and
+0.25 eV are estimated for the pure Mn islands and alloyed MnFe areas, respectively.
Growth of around ∼1ML Mn at 100◦C shows that the fraction of place exchanged
Mn atoms roughly equals the fraction found in the submonolayer regime (i.e. 14%).
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The second Mn layer islands (which have the same interlayer distance as the first
Mn adlayer: 0.156±0.005nm) contain only a few Fe atoms (4%) and reveal a char-
acteristic peak/shoulder in dI/dV [peak at +0.20 eV in (dI/dV )/(I/V )]. Results for
thicker Mn films will be discussed. These studies form the starting point for future
spin-polarized STM experiments.
5.1 Introduction
During the last decade a large number of experimental and theoretical studies have
been dedicated to elucidating the interrelation between structure, electronic and
magnetic properties of transition metals. Molecular-beam-epitaxial techniques allow
growth of low-dimensional and strained metal structures often with novel magnetic
and electronic properties. A classic example of a system where structure, magnetism,
and electronic effects are interwoven in a complex fashion is Mn/Fe(001) [1-22].
For Mn films thicker than 3–5 monolayers (ML), both theoretical and experimental
studies confirm the layered antiferromagnetism of the Mn layers (see e.g. [1, 2] and
References therein). The Mn film grows in a distorted bcc structure with the in-
plane lattice constant equal to the Fe(001) bulk lattice constant of 0.287nm but with
the out-of-plane lattice constant expanded to 0.323nm, i.e. body-centered-tetragonal
(bct) [3, 4]. Layer-by-layer growth is followed by a transition to three-dimensional
growth depending on growth temperature and substrate quality [1, 2, 5, 6]. Between
10 and 17ML a c(4× 4) superstructure was reported by Andrieu et al. [6]. Finally,
thick Mn films (above 17ML in [6]) relax in the Mnα structure which is the stable
bulk phase of Mn at room temperature (its cubic unit cell includes 58 atoms).
In the ultrathin limit, however, conflicting results have been reported in both the-
oretical and experimental studies. Andrieu et al. showed by x-ray magnetic circular
dichroism (XMCD) experiments that in the submonolayer regime the Mn atoms cou-
ple ferromagnetically to each other 1 and couple ferromagnetically to the substrate
[6–8]. They also showed quite convincingly that oxygen contamination changes the
coupling to the substrate to antiferromagnetic [9] which could explain the conflicting
experimental results of other groups [10–12]. Furthermore, extended x-ray absorp-
tion spectroscopy (EXAFS) showed that the first monolayer grows with an interlayer
distance of 0.148nm [6]. However, these experiments focussed on room temperature
grown Mn films.
Recent ab initio calculations showed that the c(2 × 2) antiferrimagnetic configu-
ration and the p(2 × 2) ferromagnetic configuration (i.e. three Mn atoms ferromag-
1XMCD measures an average magnetic moment and therefore, the magnetic configuration on the
atomic scale might be more complicated than a ferromagnetically coupled p(1 × 1) structure. The
observation of a relatively low magnetic moment (1.7µB) seems to corroborate the existence of a
more complicated configuration such as a ferromagnetically coupled p(2× 2) structure (where each
atom has a predicted moment of about 3µB , but the average moment is only 1.5µB) [7].
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netically coupled and one antiferromagnetically) are nearly degenerate [13–16]. Cal-
culations for a bilayer surface-ordered MnFe alloy with c(2× 2) arrangement showed
that this mixed configuration is as stable as the ground states of the pure Mn con-
figurations [17]. Calculations for the dilute limit of 3d atoms on the Fe(001) surface
by Nonas et al. showed that Mn adatoms (and in fact all 3d transition metals except
Co) have a tendency to place exchange with Fe substrate atoms [18]. For Cr impu-
rities these results were in perfect agreement with an STM and STS study of Davies
et al. [19, 20] and even the experimentally observed repulsion of surface nearest and
next-nearest Cr neighbors could be reproduced in the calculations. In contrast to Cr
impurities, for Mn a strong repulsion was only predicted for surface nearest neighbors
whose origin was found to be frustration: the surface nearest-neighbor Mn atoms
favor antiferromagnetic coupling with each other but this is hindered by the strong
antiferromagnetic coupling with the substrate Fe atoms. The embedded 3d atoms
in the Fe(001) surface were theoretically found to give rise to characteristic double
peak structures in the vacuum local density of states around the Fermi level [21]
and therefore chemical identification as was shown for Cr on Fe(001) [19] could also
be possible for these elements. However, compared to the Fe(001)-derived surface
state peak which is always present, the additional 3d-impurity peak is predicted to
be strongest for the elements at the beginning of the 3d-series (i.e. V and Cr) and
weakest for Mn [21].
The interfacial alloying of the Mn/Fe(001) system was experimentally verified
by extremely surface sensitive proton-induced Auger electron spectroscopy measure-
ments: Igel et al. found that for growth around 300◦C only 40% of the deposited
monolayer Mn atoms could still be found on top of the surface layer implying that
60% of the deposited Mn atoms underwent place exchanges with the substrate Fe
atoms [22]. Increased intermixing for a 2 monolayer Mn film on Fe(001) was also
reported by Walker and Hopster after annealing above 150◦C [23].
In this chapter an STM and STS study on the growth of submonolayer Mn films
on Fe(001) whiskers in the temperature range between 50 and 200◦C is reported.
Atomically and chemically resolved STM imaging allow us to study the intermixing
behavior of Mn atoms in the Fe(001) surface as a function of growth temperature.
Motivated by the chemical identification achieved by STS for the Cr/Fe(001) system
[19, 20], STS measurements will be presented for all structures observed. The in-
fluence of a tip-dependent background on the apparent peak energies in dI/dV and
(dI/dV )/(I/V ) curves is discussed in the context of real experiments. STM and STS
results for growth of 1 ML Mn at 100◦C will be compared to the submonolayer growth
at this temperature. The interlayer distance of the first and second Mn overlayer will
be analyzed. Finally, results for thicker Mn films grown at 100◦C will be presented
which will serve as a starting point for future spin-polarized STM experiments.
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5.2 Sample Preparation
For this study the same substrate and preparation method were used as described in
chapter 3. Briefly, the Fe(001) whisker was Ar+-sputtered for typically 45 minutes at a
temperature of around 750◦C. Sputtering and annealing were simultaneously stopped
after which the cryoshroud was cooled with liquid nitrogen to increase pumping ca-
pacity.
The Knudsen cell which contains the manganese flakes (99.999% pure) was heated
to 730◦C within about 90 minutes. Since this Knudsen cell was degassed at a temper-
ature of around 700◦C for more than one day, and up to a temperature of 770◦C for a
couple of minutes, the pressure during Mn sublimation could be maintained as low as
2–3×10−10 mbar. A deposition rate of 0.4ML/min (0.3) was used for the submono-
layer coverages (thick Mn films) which was calibrated by a quartz-microbalance and
fine-calibrated from the island coverages as measured by STM. In our studies, 1 ML
is defined as the amount of atoms in one Fe(001) layer. During deposition the sample
was annealed using a resistive heater which limited the maximum growth tempera-
ture to around 200◦C. Temperature measurements were performed by a thermocouple
which was not in direct contact with the sample. Therefore, the estimated error in
the temperature measurements is relatively high: ±30◦C at 200◦C.
After deposition, the sample was moved routinely within 10 min to the STM cham-
ber where the pressure was around 5× 10−11 mbar. In case AES measurements were
necessary, they were performed after the STM measurements in order to avoid addi-
tional contamination. For submonolayer growth, the concentration of contaminants
was estimated from STM images and was usually below 0.01ML. The proximity of
the major Mn AES peak at 572 eV and a minor Fe AES peak at 582 eV made the
detection of submonolayer coverages of Mn impossible.
5.3 Submonolayer growth at low temperature: pure
Mn films
An STM image of the Fe(001) surface after deposition of 0.2ML (quartz crystal
calibration) Mn at a substrate temperature of 50◦C is shown in Fig. 5.1(a). The island
coverage is estimated to be 0.17ML from histogram analysis. However, the ragged
step edge in Fig. 5.1(a) shows that small Mn islands nucleated at the step edge. These
islands can easily be missed in a histogram analysis and therefore, coverages were
determined on large terraces (> 200× 200nm2) where the influence of Fe(001) steps
can be neglected. The histogram analysis also shows that the height of the Mn islands
is slightly higher (0.156± 0.005nm) than the Fe(001) step height (0.144± 0.005nm).
To avoid electronic effects, step heights were measured at large negative bias voltages
where the STS results did not reveal any features (see below). Furthermore, apparent
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Figure 5.1: (a) Constant current STM image of 0.2 ML Mn deposited on Fe(001)
at 50◦C (tunneling current I = 0.5 nA, sample voltage Vs = −0.5 V, scan size is
30 × 30 nm2) showing monolayer high islands (0.156 nm high). The white circle
marks a small Mn island which nucleated at the step edge. A dI/dV curve is
obtained at each pixel (75×75) of this image. (b) Averaged dI/dV curves rep-
resentative of four different features in (a). Curve 1 is measured at the Fe(001)
terrace, curve 2 at the islands, curve 3 at the steps, and curve 4 at the oxygen
impurities. Numbers refer to the numbers in (a), (c) and (d). (c) and (d) show
dI/dV maps at Vs = +0.16 V and Vs = +0.99 V, respectively. (010212/10/11)
barrier height measurements were performed which showed that the effect of different
local work functions on the apparent step heights can be excluded [24]. Therefore,
these step heights are believed to reflect the real interlayer spacings 2.
2The results of the step height measurements are given in section 5.6.
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A dI/dV curve was measured at every pixel of Fig. 5.1(a). Four different types of
dI/dV curves can be distinguished and averages of these curves (typically obtained
from 10 single curves) are shown in Fig. 5.1(b). Curve 1 is the average of the dI/dV
curves measured on the Fe(001) terrace. It shows a strong peak at +0.16 eV which
is attributed to a localized minority spin band surface state of dz2 -symmetry. This
Fe(001) surface state was first detected in tunneling spectroscopy by Stroscio et al.
[25] and slightly later by Biedermann et al. [26]. Compared to the earlier work for
which the peak in dI/dV was reported at +0.17 eV [25], the peak is detected at a
slightly lower energy in the measurement shown in Fig. 5.1(b). Furthermore, the
dI/dV feature is characterized by an almost Gaussian lineshape in contrast to a weak
peak on an exponential background reported in [25, 26]. In the present study, it
is found that the surface state peak can be observed between +0.13 and +0.20 eV
depending on the background. The peak is most pronounced for low background
conditions, although in this case the apparent peak energy is lower than +0.17 eV.
Curve 2 represents the average of the dI/dV curves measured on the Mn islands.
A clear peak is resolved at +0.45 eV which gives strong evidence for the different
chemical nature of the islands. The average of the dI/dV curves measured at the
Fe(001) step edges shows that the surface state is completely quenched at monoatomic
steps (curve 3). The dI/dV curves measured at island edges (not shown) show the
same behavior. The observation that the high energy dI/dV background measured
at the Fe(001) steps resembles the background observed on the islands better than
the background observed on the terrace seems to imply that the Fe(001) step edges
are completely wetted by Mn.
Figure 5.1(c) and Fig. 5.1(d) show maps of dI/dV at the voltage of the Fe(001)
surface state (+0.16V) and at a voltage which filters out the Mn peaks (i.e. +0.99V)
most clearly. The different electronic structure of the islands, steps and terraces
is obvious from Fig. 5.1(c). Line profiles over the steps (not shown) show that
the surface state is quenched on a length scale of order 0.7 nm. This length scale
is comparable to the broadening of the monoatomic steps in the constant current
image of Fig. 5.1(a) which was measured at the same setpoint and with the same tip
configuration. The spherical depressions in the dI/dV map of Fig. 5.1(c) are related to
oxygen impurities on the Fe(001) surface. Their concentration is lower than 0.01ML
even some hours after deposition which is in contrast to the observations of Andrieu
et al. who reported an oxidation rate of 0.03ML/hr for submonolayer Mn films on
Fe(001) [9]. The averaged dI/dV curve representative of these impurities is also shown
in Fig. 5.1(b) (curve 4) and reveals that at a single oxygen impurity the surface state
dI/dV peak shifts ∼0.03 eV towards higher energy and has a 30% lower amplitude.
The width of the oxygen-induced depressions in the dI/dV map is ∼0.7nm (full width
at half maximum). The same order of peak shift and the same range of influence was
found for carbon impurities on V(001) (see chapter 7 and [27]). This range is related
to the lower resolution at the relatively high tunneling resistances used during STS
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Figure 5.2: Atomically resolved STM image obtained on Fe(001) covered with
0.2 ML Mn at 50◦C (I = 3 nA, Vs = −5mV, 7.7 × 4.1 nm2). A stepped grey
scale has been used: the black-white range corresponds to 0.01 nm on the terrace
(marked 1) and the island surface (marked 2). The black-white island borders are
artifacts of the grey scale. The image has been averaged over 3×3 data points. A
very weak p(1 × 1) lattice can be resolved of which the corrugation is less than
∼2 pm. The black dots indicate the positions of the atoms. The close-packed
directions are also shown. (010223/11)
[28] and must therefore be considered as an upper limit for the range of influence of
the steps and the impurities on the electronic structure.
The dI/dV map at Vs = +0.99V [Fig. 5.1(d)] shows the homogeneity of the Mn
islands and the presence of Mn islands connected to the Fe(001) step. The island
homogeneity also follows from a careful check of the single dI/dV curves obtained on
the islands.
An atomically resolved STM image of this sample is shown in Fig. 5.2. An
undisturbed p(1 × 1) lattice with an extremely low corrugation (below ∼2pm) was
always observed. In contrast to growth at higher temperatures, for growth at 50◦C
no indications for Mn incorporation in the Fe(001) substrate layer were found. The
close-packed directions of the Fe(001) lattice are indicated in this figure. Note that
they do not make a perfect angle of 90◦ which is attributed to a thermal drift of
typically ∼0.3nm/min shortly after deposition.
In conclusion, from both the STM and STS results of the growth at 50◦C it is
evident that no intermixing occurs at this temperature.
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Figure 5.3: STM image (I = 1.4 nA, Vs = −5 mV, 14.9 × 14.9 nm2) of 0.37 ML
Mn deposited on Fe(001) at 150◦C. A stepped grey scale has been used: the
black-white range corresponds to 0.1 nm on the terrace (marked T) and the island
surfaces (marked I). Chemical contrast is achieved: asymmetric depressions on
the terrace are attributed to embedded Mn atoms and protrusions on the islands
to incorporated Fe atoms. The protrusions on the islands are locally ordered in a
c(2× 2) structure. The area indicated by the white arrow does not show chemical
contrast. The close-packed directions correspond to those indicated in Fig. 5.2.
(010219/21)
5.4 Submonolayer growth at elevated temperatures:
surface alloying
5.4.1 Chemically resolved STM
An STM image of the Fe(001) surface after deposition of 0.37ML Mn at a sub-
strate temperature of 150◦C is shown in Fig. 5.3. The terraces and the islands
(0.156 ± 0.005nm high) now look completely different compared to the growth at
50◦C. At the low tunneling resistance used (i.e. Vs = −5mV, I = 1.4 nA), it is
generally not possible to keep a stable tip configuration while scanning over the is-
lands. Consequently, tip changes are frequently observed in Fig. 5.3. No lateral shift
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occurs in the image after a tip change and the perpendicular shift is typically less
than 0.1 nm. This indicates that only the tip apex atom is affected. Nevertheless,
with particular tip conditions chemical contrast is achieved in the larger part of the
image (e.g. no chemical contrast is observed in the area marked by the white arrow).
The terrace is covered with asymmetric depressions which are 40pm deep, while on
the islands 20pm high protrusions are observed. The strong dependence of the ap-
pearance of these features on tip conditions and the rather low stability of the tip
configurations leading to these features makes it likely that the same mechanism is
responsible for the chemical contrast as was reported by Schmid et al. in their studies
on PtNi alloyed surfaces [29–31]. In these studies, a tip-sample interaction mediated
by an unknown adsorbate on the tip was believed to lead to chemical contrast. The
adsorbate (e.g. sulphur or oxygen impurity atoms) forms a precursor of a chemical
bond, similar to a hydrogen bridge, more effectively with one type of surface atom
than the other.
The depressions on the terrace are ascribed to single embedded Mn atoms and
the protrusions on the islands to Fe atoms which have been released from the terrace
after place exchange events. For this particular amount of Mn deposited at 150◦C (i.e.
0.37ML), the concentration of Mn atoms in the terrace is 5%, while the concentration
of Fe atoms in the islands is estimated to be 21%. 0.05ML Mn of the 0.37ML
deposited, i.e. 14% of the deposited Mn atoms, have therefore been place exchanged
at this growth temperature. As can clearly be seen from this figure, the protrusions
on the islands order locally in a c(2 × 2) structure which indicates the absence of a
surface next-nearest neighbor repulsion as was reported for Cr/Fe(001) [19, 20] and
which is in agreement with theoretical predictions [18].
A careful look at Fig. 5.3 shows that the details of this image are quite compli-
cated. In order to obtain a more complete picture, the top-left part of Fig. 5.3 is
shown enlarged in Fig. 5.4. From comparison with the close-packed directions of the
Fe(001) surface the p(1×1) unit cells are easily recognized and are covered with a grid
on a few particular places. The depressions (which were identified as incorporated
Mn atoms) seem to be centered on two-fold bridge sites of this grid and cover an
area equal to a (
√
2 × √2)R45◦ unit cell as can be seen very clearly at position A.
However, the depressions appear deepest (40 pm) at the two-fold bridge site position.
Since the incorporated Mn atoms replace Fe atoms and consequently must occupy
substitutional sites [18], both the centering at two-fold bridge sites and the large unit
cell corresponding with one Mn atom are ascribed to a “strange” imaging condition.
Related with this is the observation of a weaker protrusion in the center of the
p(1 × 1) unit cell (e.g. marked I in Fig. 5.4). Line profiles along the black lines in
Fig. 5.4 are shown in Fig. 5.5. The line which is marked 1 follows the Fe(001) close-
packed [010] direction and the corresponding line profile shows that in this direction
the atomic spacing is 0.25 nm. The corrugation is 15−20pm. Since the [010] direction
is almost parallel to the drift direction (see chap. 2), the highest deviation from the
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Figure 5.4: Enlarged part of the STM image of Fig. 5.3 (8 × 8 nm2). The
grid follows the atomic unit cells on the terrace. The depression at A seems to
be centered at a two-fold bridge site of this grid and covers an area equal to a
(
√
2×√2)R45◦ unit cell (indicated by white dotted lines). A weak protrusion can
be observed in the four-fold hollow site of this grid (see I). Cross sections along
the black lines in the [010] (marked 1) and the [110] direction (marked 2; this line
crosses the weak four-fold hollow site protrusions) are shown in Fig. 5.5. Following
the grid to point B shows that the grid has to be slipped half a lattice constant
along the [100] direction to move the protrusions and the depressions into four-
fold hollow sites. Following the slipped grid to D shows that the protrusions fall
in between the atomic rows imaged with normal corrugation in area C. Following
the slipped grid from D to E shows that in the [100] direction the protrusions do
fall on the atomic rows imaged with normal corrugation. The inset shows the real
geometry (left) and the geometry as observed with the tip leading to chemical
contrast (right). (010219/21)
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Figure 5.5: Cross sections along lines in Fig. 5.4. (a) Along [010] direction and
marked 1. (b) Along [110] direction and marked 2. This line crosses the center-
unit-cell protrusions. (010219/21)
Fe(001) in-plane lattice constant is expected. Along the [100] direction (not shown) a
more correct lattice spacing of 0.28 nm is found. The black line marked 2 in Fig. 5.4
follows the [110] direction and thereby crosses the weak center-unit-cell protrusions.
The corresponding line profile shown in Fig. 5.5(b) shows that the spacing between
the unit cell sites is 0.34nm. Their corrugation is ∼10pm. In between the unit cell
site peaks a weaker peak which is related to the center-unit-cell protrusions is visible.
The height of these peaks is much lower compared to the unit cell site corrugation.
Following the terrace atomic grid from A to area B on the island shows that the
grid has to be slipped half a lattice constant along the [100] direction to move the
island protrusions (which were identified as incorporated Fe atoms) and the island
depressions (∼30pm deep) of the p(1 × 1) structure into the centers of the grid.
If it is assumed that the “normal” corrugation in area C images the real atomic
p(1×1) lattice, it can be seen that the imaging conditions leading to chemical contrast
image the protrusions at positions between the atomic rows along the [010] direction.
Comparing area D and E shows that along the [100] direction this special tip images
the protrusions on top of the atomic rows. Furthermore, the atomic positions in the
“normal” area are in agreement with the atomic positions on the terrace considering
the bcc(001) stacking (follow grid from E back to terrace).
It can be concluded that the special tip leading to chemical contrast images the
substrate Fe atoms at the real positions (but with an additional weak center-unit-cell
protrusion) and the incorporated Mn atoms as depressions on two-fold bridge sites.
On the islands, the Mn atoms are imaged as depressions and the incorporated Fe
atoms as protrusions which are also shifted to two-fold bridge site positions compared
to the real atomic lattice. In this sence, the imaging of the terrace and the islands
with the special tip is consistent. The relation between the real geometry and the
imaged geometry are summarized in the inset of Fig. 5.4. Interestingly, the tip leading
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Figure 5.6: (a) STM image obtained on Fe(001) deposited with 0.37 ML Mn at
150◦C (Vs = −5 mV, I = 0.86 nA, 4×4 nm2). The signal to noise ratio has been
slightly enhanced by averaging the data over 3×3 points. (b) The same sample
(but not same area!) imaged with different tunneling conditions (Vs = −0.5 V, I
= 0.5 nA, 5.7×5.7 nm2). Since this image was measured during spectroscopy, the
resolution is low (0.13×0.13 nm2 per pixel). (010219/20/13)
to chemical contrast not only images the Mn and Fe with different heights but also
images the Mn and Fe atoms with a shifted position.
The Fe(001) surface after Mn deposition at 150◦C has been imaged with various
tip conditions and two different types of imaging behavior (compared to Fig. 5.3)
are shown in Fig. 5.6. In Fig. 5.6(a) the corrugation of the atomic lattice is 10pm.
Depressions centered on the four-fold hollow sites of the atomic lattice (20 pm deep,
marked by arrow labeled 1) and centered on lattice sites (60 pm deep, marked by
arrow labeled 2) can be observed. The concentration is 5% for the first ones and 2%
for the latter ones. It seems therefore likely that the four-fold hollow site depressions
are embedded Mn atoms and the lattice site depressions are oxygen impurities. Since
oxygen impurities are known to stick on four-fold hollow sites on the Fe(001) surface,
under these imaging conditions (Vs = −5mV, I = 0.86nA) the Fe(001) lattice is
imaged with “anti-corrugation” which is not unlikely for Fe(001) [32].
Figure 5.6(b) shows an STM image obtained at high tunneling resistance (Vs
= −0.5V, I = 0.5 nA) on the same sample. This imaging condition is typical for
spectroscopy measurements (this image was actually obtained during an STS mea-
surement which explains its low resolution). The Fe(001) atomic lattice cannot be
resolved under these conditions, but weak protrusions which are 4 pm high (marked
1) and depressions which are 10pm deep (marked 2) can be clearly recognized. The
concentration of the protrusions and depressions are 6% and 0.5%, respectively. The
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Tgr coverage C
exp
Fe(i) C
exp
Mn(t) C
cal
Mn(t) Cex
(◦C) [ML] (at.%) (at.%) (at.%) (at.%)
50±10 0.17± 0.04 – – 0 0
100±20 0.38± 0.04 18±2 4± 2 7± 1 11±6
150±30 0.37± 0.04 21±2 5± 2 8±1 14±6
175±30 0.51± 0.04 17±5 12± 2 9±3 24±4
200±30 0.36± 0.04 60±5 20± 4 22±3 56±13
Table 5.1: Amount of Mn deposited (coverage) as determined from histogram
analysis on large terraces, concentration of Fe atoms in the islands CexpFe(i), and
concentration of embedded Mn atoms in the Fe(001) terrace CexpMn(t) as a function
of growth temperature Tgr. The concentration of embedded Mn atoms in the
terrace CcalMn(t) is calculated under the assumption that all place exchanged Mn
atoms are incorporated into the first substrate layer (CcalMn(t) = coverage ×CexpFe(i)).
The fraction of deposited Mn atoms which exchange place with substrate Fe atoms
(Cex = C
exp
Mn(t)
/ coverage) is also shown.
concentration of the bright protrusions in Fig. 5.6(b) is equal (within the accuracy)
to the concentration of the four-fold hollow site depressions in Fig. 5.6(a) and the
asymmetric apparent bridge-site depressions in Fig. 5.4. Although the imaging of
incorporated terrace Mn atoms as depressions is very tip dependent and quite irre-
producible, the imaging conditions leading to weak protrusions are quite stable (see
also Fig. 5.12). In this context, it should be mentioned that for the STM studies on
Cr/Fe(001) only these kind of protrusions (10 pm high) have been presented [19] 3.
From STM images like Fig. 5.3 the concentration of Mn atoms embedded in
the Fe(001) terrace and Fe atoms incorporated in the islands can be estimated as a
function of growth temperature with reasonable accuracy. The results are shown in
Table 5.1. The onset substrate deposition temperature for surface alloy formation
is 100◦C, while submonolayer growth at 200◦C leads to islands which include large
numbers of intermixed Fe atoms. At this growth temperature the step height of
the island is found to be reduced to 0.148 ± 0.005nm which is considered to be a
consequence of the high Fe concentration in the islands. From the concentration of Fe
atoms in the islands (CexpFe(i)), the concentration of Mn atoms in the terrace (C
cal
Mn(t))
can be estimated under the assumption that the Mn atoms stay in the surface layer:
i.e. CcalMn(t) = C
exp
Fe(i) × coverage. The calculated concentrations are shown in the
table and the good agreement with the observed Mn concentrations on the terrace
(CexpMn(t)) shows that the Mn atoms do indeed stay in the surface layer for the growth
3No atomically resolved STM images with chemical contrast have been published for the
Cr/Fe(001) system [19, 20].
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temperatures studied. For Cr deposited on Fe(001) it was reported that for growth
at 300◦C and coverages between 0.2 and 1ML only ∼0.1ML Cr atoms were found
on the surface while for growth at lower temperatures the degree of intermixing was
reduced [19].
For STM experiments performed at room temperature, the atomic processes lead-
ing to the surface alloy are too rapid to be imaged directly. The low density of steps
on Fe(001) whisker surfaces and the large calculated energy gain for place exchange
(0.65 eV for Mn compared to 0.57 eV for Cr [18]) makes it very likely that Mn atoms
are incorporated in the Fe(001) surface without moving to steps first. The incorpo-
ration may involve either a direct place exchange mechanism [33, 34] or annihilation
of vacancies which were originally formed at kinks or steps. In the latter case, the
diffusion of the vacancies from the kink or step to the terrace must be faster than the
diffusion of the Mn adatoms to the steps. If the adatoms diffuse faster, the vacan-
cies are annihilated by Mn adatoms close to step edges and consequently the highest
concentration of incorporated Mn atoms will be found here. This was shown to be
the case for e.g. Mn on Cu(001) [35], Pb on Cu(111) [36] and Pb on Cu(001) [37].
In the present study, the distribution of incorporated Mn atoms is homogeneous on
the terrace and there is no evidence for higher Mn concentrations around islands and
substrate step edges even for growth at 100◦C. However, the observation that pure
Mn islands form at 50◦C while the onset for Mn incorporation is 100◦C seems to
suggest that diffusion dominates over place exchange for growth temperatures below
100◦C. Therefore, it cannot be excluded that Mn adatoms diffuse to islands first and
place exchange with substrate atoms at step edges and kink sites [35]. Subsequent
step fluctuations and vacancy-mediated diffusion may lead to a more homogeneous
distribution of the Fe atoms in the Mn islands and of the embedded Mn atoms in the
Fe(001) substrate [35].
From Table 5.1 the fraction of place exchanged Mn atoms (Cex) can be estimated
by dividing the observed number of Mn atoms embedded in the terrace (CexpMn(t)) by
the amount which had been deposited (coverage). This fraction is shown as a function
of temperature both in the last row of the table and in Fig. 5.7. It clearly shows that
for the coverage regime studied, the fraction of place exchanged Mn atoms increases
as a function of temperature. However, the place exchanged fraction cannot be fitted
by a simple activation law (i.e. Cex ∼ exp(−Ea/kT ), with Ea an activation energy)
showing the complexity of the processes involved. It might be wondered if for growth
at even higher temperatures the fraction of place exchanged Mn atoms increases to
100% and if Mn atoms eventually do dissolve into the bulk. However, our setup does
not allow growth at higher temperatures and post-annealing is believed to lead to
different results.
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Figure 5.7: Concentration of deposited Mn atoms which have place exchanged
with substrate Fe atoms (Cex) as a function of growth temperature.
5.4.2 STS on alloyed surface layer
In order to study the electronic structure of the Mn atoms embedded in the terrace
and the Fe atoms incorporated in the islands, STS measurements were performed.
As shown in Fig. 5.8 the dI/dV curves measured on the terrace protrusions (curve
2), i.e. incorporated Mn atoms, do not differ much from those obtained on the clean
Fe(001) terrace (curve 1). Both curves, which are averages of typically ∼10 single
dI/dV curves, show a peak at +0.17V, although this peak has a 25% lower intensity
on the Mn atoms. The insets in this figure show the topographic image taken at the
setpoint of spectroscopy (top left) and the corresponding dI/dV map at the surface
state energy +0.17V (bottom right). The minima in this dI/dV map are correlated
with the protrusions in the topographic image.
The topographic image shows that at the STS setpoint the Mn atoms have an
apparent height of 5 pm. Since the Mn atoms can be imaged either as protrusions
or depressions depending on tunneling conditions, it seems reasonable to ascribe this
apparent height to electronic effects and/or tip-sample interaction effects rather than
to a real geometric effect. However, care has to be taken since it is not trivial to
distinguish between geometric and electronic effects in STM images (e.g. see [38]). It
should also be realized that the atomic radius of Mn is 9 pm larger than of Fe [39] and
buckling effects cannot be excluded [13, 14] (although for the antiferromagnetically
coupled substrate Mn atom the interlayer distance is always lowered in the calcula-
tions, 3 pm in [13] and 0.3 pm in [14]). Nevertheless, if these effects are ignored, the
apparent height of 5 pm, thus, implies that the tip retracts 5 pm when over the Mn
atom. This retraction leads to a 10% drop in the tunneling conductance, exp( −2κ∆)
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Figure 5.8: STS measurement on isolated Mn atoms in the Fe(001) terrace (I
= 0.5 nA and Vs = −0.5 V). Curves 1 and 2 are representative of dI/dV curves
measured on the clean terrace and Mn atoms, respectively. The insets show the
corresponding topographic image (top left: scansize is 4.8×4.4 nm2, with this tip
condition the Mn atoms are visible as 5 pm high protrusions) and the dI/dV map
at Vs = 0.17 V (bottom right). (010219/13)
= 0.90 (with κ = 1 × 1010m−1 and tip retraction ∆ of 5 pm) [28]. The reduction
of 25% on top of the Mn atom can therefore only be partially ascribed to a larger
tip-sample distance.
The calculations of Papanikolaou et al. show a 30% reduction in the LDOS 0.55nm
above the surface when a surface Fe atom is replaced by a Mn atom [21]. According
to these calculations this peak arises from the pure Fe surface: it was shown that
its relative weight (e.g. compared to the additional peak observed for Cr impurities)
increases for larger tip-sample distances due to the larger area that is probed by
the tip. This prediction seems to be in qualitative agreement with our experimental
results taking into account the different tip-sample distances for dI/dV measurements
on Fe(001) and on surface substitutional Mn sites. However, the absolute tip-sample
distances in the measurements are not known which makes a quantitative comparison
impossible.
The dI/dV curve measured on the Mn atom also shows a higher dI/dV signal
below Vs =−0.2V compared to the clean Fe(001) curve. This feature might be related
to the weak and broad peak at−0.7 eV found in the calculated minority band LDOS in
the vacuum (at 0.55nm above the surface) [21]. However, the experimental feature is
too weak to base any strong claims on it. Observation of occupied sample LDOS peaks
is not very favorable due to the higher tunneling barrier experienced for tunneling
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from these states (e.g. the tunneling probability is reduced by a factor 0.2 for sample
states 0.5 eV below the Fermi level at 1 nm above the surface [25]). Nevertheless, this
decay is already included in the calculated vacuum LDOS. Furthermore, unlike for
the other impurities, the calculations for Mn predict a strong peak around +1 eV in
the majority band. This peak was, however, never observed in the experiments (see
e.g. Fig. 5.8) 4.
Results of STS measurements performed on the intermixed islands are shown in
Fig. 5.9. dI/dV curves were obtained on the surface area shown in the atomically
resolved STM image of Fig. 5.9(a) [same island as imaged in Fig. 5.3]. Based upon
the dI/dV map at Vs = +0.99V [Fig. 5.9(b)] three kinds of dI/dV spectra can be
distinguished. Averages of these spectra (typically obtained from ∼100 curves) are
shown in Fig. 5.9(c). Curve 1 is measured on the clean Fe(001) terrace and shows the
Fe(001) surface state as a peak at +0.20V. Comparing the topographic image [Fig.
5.9(a)], the dI/dV map [Fig. 5.9(b)] and the dI/dV curves [Fig. 5.9(c)] shows that
curve 2 (with low dI/dV at +1V) is correlated with the protrusions, and curve 3
(with high dI/dV at +1V) with the topographic dark p(1× 1) areas. Curve 2 shows
a peak at +0.35V, while no peaks are visible in curve 3. Nevertheless, it is clear
that at positive bias voltages there is an additional contribution to dI/dV curve 3
on top of the exponential background (see also Fig. 5.11). As discussed previously,
the protrusions on the islands were identified as Fe atoms which have been released
from the Fe(001) terrace after place exchange events and intermixed with Mn islands.
Curve 2 is therefore representative of a c(2 × 2)-like clustering of Mn and Fe atoms
and curve 3 for a pure Mn adlayer on Fe(001).
5.4.3 Influence tip-dependent background on surface state peak
energies
The absence of a peak on the pure Mn part of the island in the dI/dV measurement
of Fig. 5.9(c) might seem conflicting with the observation of a peak at +0.45V in
the measurement of Fig. 5.1(b). A different electronic structure cannot be excluded
due to the possibility of the Mn atoms being differently coordinated, i.e. four (zero)
Fe (Mn) nearest neighbors for growth at 50◦C and four or less (zero or more) Fe
(Mn) nearest neighbors for growth at 150◦C. Growth at different temperatures may
also stabilize different magnetic unit cells with inequivalent electronic structures [16].
Nevertheless, the effect can be perfectly explained by an intrinsic artifact of STS
measurements: the presence of a voltage dependent background.
In the dI/dV curve measured on the clean Fe(001) surface shown in Fig. 5.1(b)
almost no exponential background is visible on the high energy side of the peak and
consequently, the peak exhibits a Gaussian-like shape. In Fig. 5.9(c), however, the
4The calculations for Cr impurities in the Fe(001) surface predict a majority peak around +1.0 eV
as well which was also not experimentally found [21].
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Figure 5.9: STS measurement on Fe(001) covered with 0.37 ML Mn deposited at
150◦C. (a) Topographic image (I = 0.5 nA, Vs = −5 mV, 4.8×4.4 nm2). At this
area dI/dV is measured at setpoints I = 0.5 nA, Vs = −0.54 V. (b) dI/dV map
at Vs = +0.99 V. (c) Three different types of dI/dV curves (curves are averaged)
are obtained: curve 1 is measured on the Fe(001) terrace, curve 2 on the local
c(2× 2) MnFe surface alloy and curve 3 on the p(1× 1) Mn areas on the islands.
(d) dI/dV curves of (c) normalized by I/V . (010219/21/24)
clean Fe(001) dI/dV curve has a much larger exponential background on the high
energy side of the peak. The background is clearly related with the tip configuration:
voltage pulses (to ±10V) almost always lead to a change of this background. In Fig.
5.10 two extreme cases are shown: the left dI/dV curve shows a Gaussian-like shape
with a weak exponential background, while for the right curve this background is high
on the positive energy side. To categorize the different peak shapes observed with
different tip conditions, a parameter which characterizes the amount of background
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Figure 5.10: Peak energies observed in STS as a function of the background.
The background parameter a/b is defined as the ratio between the local minimum
dI/dV on the low energy side of the Fe(001) surface state peak (a) and the local
minimum dI/dV on the high energy side (b). Therefore, a low (high) background
on the high energy side corresponds to high (low) a/b. The dI/dV peak energies
obtained on the clean Fe(001) terrace, MnFe c(2×2) alloyed areas, and Mn p(1×1)
areas are shown as black squares, circles and diamonds, respectively. Grey symbols
are used for the corresponding peak energies in (dI/dV )/(I/V ). The data points
are fitted to linear functions to guide the eye.
is defined. A possible parameter, which has the advantage that it is easily obtained
from experimental data, is the ratio a/b between the (local) minimum in dI/dV on
the low energy side of the clean Fe(001) peak a and the (local) minimum in dI/dV
on the high energy side b. a and b are indicated in Fig. 5.10. With this definition,
Gaussian peak shapes correspond to a/b ∼ 1, while dI/dV curves which exhibit a
high exponential background on the high energy side correspond to a/b < 1. In Fig.
5.10 the dI/dV peak energies obtained on the clean Fe(001) surface are plotted as
a function of this parameter (black squares). Obviously, the apparent peak energy
varies between +0.13 and +0.20V with a clear trend that a low (high) peak energy
is found if the high energy background is absent (present).
Normalizing dI/dV by I/V does not help too much (grey squares in Fig. 5.10):
now the peak energy shifts between +0.09 and +0.15V with the same trend. The nor-
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malized curves obtained on the Mn islands grown at 150◦C are shown in Fig. 5.9(d).
It shows that peaks at high energies which are heavily distorted by the background
in dI/dV are more pronounced in (dI/dV )/(I/V ) although for even higher energies
the peak is disturbed by the background in (dI/dV )/(I/V ) as well [curve 3 in Fig.
5.9(d)]. Therefore, a tip configuration which suppresses this background is most de-
sirable to resolve the high energy peaks in dI/dV (and (dI/dV )/(I/V )). This is the
case for the measurement shown in Fig. 5.1(b).
The peak energies observed on the MnFe alloyed island areas (circles) and the pure
p(1× 1) Mn island areas (diamonds) are also shown in Fig. 5.10 as a function of the
background parameter a/b. Peak energies in dI/dV and (dI/dV )/(I/V ) are indicated
by black and grey symbols, respectively. As a function of background parameter a/b
dI/dV peak energies between +0.20 and +0.43V can be found for the alloyed areas
and between +0.45 and +0.50V for the pure Mn islands (although these peaks are
only observed for quite high a/b for which the background is suppressed which explains
why there are only two data points for the dI/dV peaks measured on pure Mn islands
in Fig. 5.10). The peak energies in (dI/dV )/(I/V ) vary between +0.17 and +0.25V
for the c(2×2) MnFe areas, and between +0.29 and +0.42V for the pure Mn islands.
Obviously, low (high) peak energies are found for low (high) background, and peak
energies in (dI/dV )/(I/V ) are always lower than those in dI/dV . The fitted lines in
Fig. 5.10 are intended as a guide to the eye.
Ukraintsev has shown that neither dI/dV nor (dI/dV )/(I/V ) reflect the real sam-
ple LDOS even within a simplified one-dimensional WKB approach [40]. Both quan-
tities represent the LDOS convoluted with a tunneling probability function which
also contains the tip density of states at the Fermi level for positive bias voltages.
Ukraintsev proposed to normalize dI/dV with its fitted tunneling probability func-
tion: this deconvolution technique is considered to lead to the best recovery of the
sample LDOS, at least within the one-dimensional WKB approximation of tunneling.
However, the deconvolution technique proposed by Ukraintsev is not very practical
since it requires dI/dV data over a large voltage range to allow for an accurate fit-
ting of the background. Such a large voltage range is usually not available. Stroscio
et al. deduced the surface state energy of clean Fe(001), i.e. +0.17 eV, by a fit of a
Gaussian function plus quadratic background to the dI/dV data [25] which can be
considered as a simple approximation to the Ukraintsev approach. It was verified
that normalizing the dI/dV curve measured on the clean Fe(001) shown in Fig. 5.9
(and many other curves) by a quadratic function shifts the Fe(001) surface state from
+0.20V to +0.17V as well. This gives a strong motivation to use this method for
LDOS recovery also for the dI/dV curves measured on the pure Mn p(1 × 1) island
areas and the MnFe c(2× 2) alloyed areas.
Figure 5.11 shows the results of this deconvolution. In Fig. 5.11(a) the dI/dV
curve measured on the pure Mn island [see Fig. 5.1(b)] and two quadratic functions
fitted to the high energy background of this curve are shown. Due to the small voltage
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Figure 5.11: dI/dV curves (solid black) measured on pure Mn p(1 × 1) island
areas (a) and MnFe c(2 × 2) alloyed areas (b). In both (a) and (b) two dI/dV
curves with different backgrounds due to different tip configurations (see text)
are shown. The background on the high energy side of these curves have been
fitted by quadratic functions T (A, B, C, D, and E; dotted black curves). dI/dV
curves with different backgrounds show the same peak energy (within 0.05 eV)
in (dI/dV )/T (solid grey curves). In (a) the dI/dV curve showing a peak was
normalized using two separate quadratic functions (A and B). The corresponding
(dI/dV )/T curves are almost identical showing that the fit of T to the background
in dI/dV does not have to be extremely accurate.
range used (up to +1.5V) the fits are not very accurate and the two fits shown in
Fig. 5.11(a) reflect two extremes. However, the two normalized curves are almost
equal and both show a peak at +0.34 eV. This gives an indication that the fits to
the tunneling probability do not need to be perfect to give a reasonable estimate of
the surface state energy. Also shown in Fig. 5.11(a) is a dI/dV curve measured on
pure Mn which shows a strong background in which no peak can be resolved [see Fig.
5.9(c)]. Normalizing this curve by its quadratic fit (which can only be a very rough
estimate of the real tunneling probability function) leads to a curve showing a peak
at +0.37 eV.
In Fig. 5.11b two dI/dV curves measured on the MnFe p(2× 2) alloyed areas are
shown [one curve is the curve of Fig. 5.9(c)]. Normalizing these curves by quadratic
functions fitted to their high energy backgrounds recovers peaks at +0.26 eV for both
cases. Therefore, although dI/dV curves need to be measured over large voltage
ranges to allow for a more accurate fitting of the background, the present results imply
that even imperfect fits to quadratic functions lead to a relatively accurate recovery
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of the real surface state energies. The surface state energies of the p(1×1) Mn islands
and the c(2 × 2) MnFe alloy are consequently estimated to be +0.35 ± 0.05 eV and
+0.25± 0.05 eV, respectively.
The different backgrounds appearing under different tip configurations may be a
result of the apex having either metallic (e.g. W, Fe or Mn atom) or non-metallic
(e.g. O) character. The apparent barrier height measurements described in chapter 4
showed that with tips leading to small backgrounds high apparent barrier heights are
found (∼ 5 eV), while with tips showing an extreme high background low apparent
barrier heights are found (∼ 3 eV). Both kind of tips image monoatomic steps with the
same sharpness and tip-changes mostly lead to tip displacements of less than 0.1 nm.
Both observations imply that the tip changes only involve an exchange of the apex
atom. Electronegative adsorbates like oxygen are known to increase work functions
on tungsten surfaces (see e.g. [41, 42]) which implies that the absence of background
in dI/dV might be related to slightly contaminated tip configurations. Furthermore,
atomically sharp tungsten tips are expected to have smaller work functions than
close-packed surfaces [32] which might explain why apparent barrier heights as low
as ∼3 eV are measured. Moreover, it is not unlikely that the lower conductivity
of non-metallic tips leads to smaller tip-sample distances at a given setpoint: the
tunneling probability function within a one-dimensional WKB approximation (see
e.g. [40]) shows that at smaller tip-sample distances the voltage dependence of the
tunneling probability function is reduced. The influence of different tip configurations
on the appearance of the voltage dependent background in dI/dV curves can now be
qualitatively understood.
5.4.4 STS on Fe-enriched islands
An STM image of the Fe(001) surface after deposition of 0.36ML Mn at a substrate
temperature of 200◦C is shown in Fig. 5.12. On the terrace spherical symmetric
protrusions (10 pm high) are visible which are interpreted as place exchanged Mn
atoms (see discussion at results for lower growth temperatures). The concentration of
protrusions on the terrace is 20% which is obviously still too low to form any (local)
ordering. The concentration of protrusions is clearly higher on the islands and is
estimated to be around 40%. The protrusions locally order in a c(2 × 2) structure
but a long range order is still missing for a growth temperature of 200◦C and for
this coverage. The terrace Mn concentration of 20% and the 0.36ML Mn deposition
implies that 0.16ML Mn is in the islands (or in deeper layers). If it is assumed that
all of this Mn is in the islands, an Fe concentration in the islands of 56% is obtained
which is in reasonable agreement with the observations (60%). If Mn would disappear
to deeper layers, more Fe would be observed in the islands which seems to contradict
the observations. Therefore, it can be concluded that even for growth at 200◦C the
diffusion of Mn atoms to deeper layers is negligible.
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Figure 5.12: STM image of 0.36 ML Mn deposited on Fe(001) at 200◦C
(20×9.1 nm2, Vs = −0.58 V, I = 0.1 nA). A stepped grey scale has been used:
the black-white range is approximately 20 pm on both island (I) and terrace (T).
The black-white island borders are artifacts of the stepped grey scale. The Mn
atoms in both terrace and islands are imaged as protrusions. The close-packed
directions for the Fe(001) surface are indicated. The white circles mark areas on
the island which show a local c(2 × 2) ordering. The black circles mark areas on
which a clustering of Mn atoms is observed. (010221/29)
STS measurements were performed on the area shown in Fig. 5.12. The dI/dV
curves which are obtained on the terrace still show the Fe(001) surface state at +0.17V
which is characteristic for clean Fe(001). An average of these curves is shown as the
dashed curve in Fig. 5.13(a). The a/b ratio (see section 5.4.3) between the high
energy side minimum dI/dV (b) and the low energy side minimum dI/dV (a) is 1.03
for this measurement. The incorporated terrace Mn atoms do not have a large effect
on this surface state. The weak feature around −0.6V which could be seen in Fig. 5.8
is not clearly observed in this measurement. The dI/dV curves which are obtained
on the islands show a much more complicated behavior. Peak-shaped curves are
observed of which the peak energy varies between +0.17V and ∼ +0.5V (the peak
smoothly transforms into a shoulder between 0.4 and 0.5V, see also Fig 5.10). In
Fig. 5.13(a) four curves are shown which represent the dI/dV curves (averages of
about 10 neighboring curves) obtained on various surface areas. These areas are
depicted in the dI/dV (Vs = +0.22 V) map shown in Fig. 5.13(b). The curve with
the lowest peak energy (+0.21V) is obtained on a bright area in this dI/dV map,
whereas the curve with the highest peak energy (+0.42V) is obtained on a dark area.
Curves showing peaks in between these values can be found in this dI/dV map on
areas which show contrast in between that of point 1 and 4. Figure 5.13(c) is the
dI/dV map at Vs = +1.03V. As found earlier in Fig. 5.9 and which can also be seen
from a comparison with the dI/dV curves shown in Fig. 5.13(a), a high contrast in
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Figure 5.13: STS measurement performed on the area shown in Fig. 5.12. In
(a) typical dI/dV curves (averages of about 10 neighboring curves) are shown
which are obtained on different surface areas (Vs = −0.51 V, I = 0.55 nA). The
dashed curve is measured on the terrace. The black curves show peaks ranging
from +0.21 V to +0.42 V, and are marked 1 to 4 in this order. The positions
where these curves are obtained are marked in (b), (c) and (d). (b) dI/dV map
at Vs = +0.22 V (20×20 nm2, 75×75 pixels), (c) dI/dV map at Vs = +1.03 V, (d)
image of peak energies obtained by fitting each dI/dV curve to a Gaussian: the
grey scale ranges from +0.17 V (black) to +0.6 V (white). (010221/38)
the dI/dV (+1.03V) map is an indication for a high peak energy. Since the curves
obtained in this measurement have a Gaussian-like lineshape, they could be fitted to
a Gaussian function with a constant background of 1 nA/V. The peak energies found
from the fitting are shown in Fig. 5.13(d). The grey scale in this image varies from
+0.17V (black) to +0.6V (white). It can be seen that the terrace is completely dark,
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indicative of peak energies close to +0.17V. On the island, black areas with peak
energies close to +0.17V can be clearly recognized. Areas with a white contrast are
found near the edges implying that higher peak energies are found here. It should be
noted that the peak smoothly transforms into a shoulder between 0.4–0.5V: therefore,
the peak energies found by the fitting routine above +0.5V are not correct but still
describe the results qualitatively.
Comparing Fig. 5.13(d) and Fig. 5.12 shows that the dark areas in the peak
energy image (i.e. center of island) correspond to dark topographic areas on which
only a few isolated bright spots can be observed. Therefore, these results seem to
suggest that areas containing clusters of only a few Fe atoms already show a surface
state comparable to the Fe(001) surface state. Therefore, it can be concluded that
on the islands formed during growth at 200◦C, dI/dV curves characteristic for clean
Fe(001), c(2 × 2) ordered FeMn and p(1 × 1) ordered Mn(001) can be observed.
These features gradually transform into each other possibly due to the low resolution
(typically 0.7 nm) of STS at the setpoint used. At this point it is not clear how the
electronic structure is modified at non-ideal situations, such as e.g. one-dimensional
Fe lines, anti-phase boundaries between the c(2 × 2) structures, etc. It should be
remarked that the anti-phase boundaries observed on FeSi by Biedermann et al. were
easier to detect in STS since they were embedded in c(2× 2) areas where no dI/dV
feature could be observed [26, 43].
5.5 Growth of 1ML Mn at 100◦C
Thick Mn films were grown at 100◦C. This growth temperature was chosen as a com-
promise between intermixing and kinetical roughening. The results of the submono-
layer growth presented in this chapter showed that for growth temperatures above
100◦C the intermixing of Mn and Fe cannot be neglected. Furthermore, Tulchinsky
et al. reported the fast decay of the RHEED oscillations for growth below 100◦C which
was attributed to kinetically roughened growth, where the surface roughness is due to
the limited diffusion of the Mn on the surface [1]. Since it is our aim to use thick Mn
films (between 5–10ML) on Fe(001) as a test sample for future spin-polarized STM
experiments, well-characterized flat samples are preferred.
Figure 5.14(a) and Fig. 5.14(b) show atomically resolved STM images of 1.07ML
Mn deposited on Fe(001) at a substrate temperature of 100◦C. The same area is
imaged with equal tunneling setpoints (Vs = −2mV, I = 2.6 nA) but due to a tip-
change different imaging behaviors are obtained. In Fig. 5.14(a) two kind of terrace
depressions on top of a very clear p(1 × 1) atomic lattice (corrugation ∼30pm) can
be observed. The depressions which can be observed, e.g. in the circle marked 1,
have a cross-like appearance and are centered at four-fold hollow sites (∼50pm deep).
In contrast, the depressions in the circle marked 2 are located at atomic lattice sites
(∼50pm deep). The concentration of both types of depressions is equal within the
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Figure 5.14: Atomically resolved STM images of 1.07 ML Mn deposited on
Fe(001) at 100◦C (size of (a) is 15×11.7 nm2, size of (b) is 15×9.1 nm2, Vs =
−2 mV, I = 2.6 nA). A stepped grey scale has been used of which the black-white
range corresponds to ∼50 pm and ∼100 pm in (a) and (b), respectively. Both im-
ages show a clear chemical contrast but different tip conditions lead to a different
imaging behavior. In (a) four types of depressions are visible which are marked 1,
2, 3 and 4. In the top part of (b) one type dominates the image (the one centered
in four-fold hollow sites and marked 1). The bottom of (b) shows that with a
different tip configuration (tip change at edge of island indicated by black arrow)
these depressions are imaged as protrusions. Since these are centered at four-fold
hollow sites (see grid), while the p(1× 1) lattice of the top part is continued, this
condition likely shows anti-corrugation. (010301/25/23)
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accuracy (7%±1%). On the islands two types of depressions (marked 3 and 4) are
observed with a total concentration of 4%±1%. Both depressions have the same
concentration. However, type 3 is ∼50pm deep and has a “butterfly” shape, while
type 4 is only ∼20pm deep and appears as a depressed lattice site. From STM
images obtained on the same sample (and without long time intervals in between 5)
at setpoints not leading to atomical resolution (i.e. at high voltages and low currents),
the concentration of impurities (which are imaged as depressions in these cases) could
be estimated to be around 1%. Since the depressions which are observed in Fig. 5.14
appear at a much higher concentration, it is not very likely that they are caused by
contaminants.
Figure 5.14(b) shows that after a tip change the type 1 depressions in (a) are
imaged even more pronounced (∼80pm deep), while the atomic site depressions (type
2) are imaged only very weakly now (10–20pm deep). The corrugation of the atomic
p(1× 1) lattice is reduced to ∼10pm for this tip configuration. The bottom part of
Fig. 5.14(b) shows a third imaging behavior. Protrusions (∼50pm high) which are
centered on the four-fold hollow sites are observed. The p(1 × 1) lattice is imaged
in phase with the p(1 × 1) lattice in the top part: however, the corrugation is now
extremely low (only ∼5pm). The boxed-areas show equivalent parts in both figures.
It clearly reveals that the protrusions in (b) correspond to the cross-like four-fold
hollow site depressions in (a) [type 1].
It is not clear whether the p(1×1) lattice images the atoms or the four-fold hollow
sites (i.e. anti-corrugation). The reason is that it is impossible to identify contam-
inants which are known to sit on four-fold hollow sites and which can consequently
be used to distinguish between corrugation or anti-corrugation [43]. Nevertheless, the
imaging of the protrusions in Fig. 5.14(b) on four-fold hollow sites seems a strong
indication for anti-corrugation (under the assumption that the protrusions are Fe
atoms in substitutional sites in the Mn layer) 6. In STM images of the same area
which do not show atomic resolution (or very weak atomic resolution) ∼20pm deep
depressions are observed (see Fig. 5.15). These depressions have a much lower con-
centration (∼1%) than the depressions in Fig. 5.14 and cannot be related with any
of them. Therefore, it is speculated that under the special tip conditions leading to
the chemical contrast of Fig. 5.14 contaminants (dominantly oxygen) are transparent
(or are at least imaged very weakly).
If it is assumed that both kind of depressions in Fig. 5.14 are Fe atoms which are
embedded in the Mn layer, their concentration is ∼14%. In the second layer only ∼4%
Fe atoms can be found. The concentration of 14% for place exchanged Mn atoms in
the first layer is in reasonable agreement with the results of Table 5.1 and Fig. 5.7 for
submonolayer growth at 100◦C. The two different types of imaging of Fe atoms might
be understood if e.g. a different chemical or magnetic environment is assumed. Some
5This could of course increase the concentration of impurities.
6Contaminants like oxygen and carbon are indeed always imaged as depressions.
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Figure 5.15: STM image of the same area as shown in Fig. 5.14 (15×10.5 nm2,
Vs = −2mV, I = 2.6 nA). A stepped grey scale has been used of which the black-
white range corresponds to ∼50 pm. In addition to a very weak atomic corrugation
(∼2 pm) and very weak depressions (<5 pm), 20 pm deep depressions (marked by
arrow) are observed which cannot be related with the type 1, 2, 3, or 4 depressions
of Fig. 5.14. The white markers have been copied from Fig. 5.14(a) and show
that only type 1 is very weakly (<5pm) observed. (010301/26)
Fe atoms might have a neighboring place exchanged Mn atom in the Fe(001) substrate
layer below, while others might be on top of pure Fe. If a Mn atom becomes place
exchanged with a substrate Fe atom, the released Fe adatom is believed to diffuse away
in the submonolayer regime [18]. However, for larger coverages, it seems more likely
that the released Fe atoms cannot diffuse far since these adatoms will immediately
stick to large and coalesced islands. Therefore, during growth in the submonolayer
regime the place exchanged Mn and released Fe atom are more likely to diffuse away
from each other, while for increasing coverages they have a larger chance to stay
close to each other. Of course, the interpretation given above is only speculative and
additional experiments (with probably different techniques7) are needed to solve this
question. Furthermore, spin-polarized STM might give additional information about
a possible different magnetic character of the two types of features.
Figure 5.16 shows STS measurements on the 1ML Mn film deposited at 100◦C.
In the STM image of Fig. 5.16(a) the substrate Fe(001) layer, the first Mn adlayer,
7Low energy ion scattering (LEIS) spectroscopy is an example of a technique that can be used to
determine the Fe surface concentration very accurately.
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Figure 5.16: STS measurement performed on an area which shows the uncovered
Fe(001) substrate, the first Mn adlayer, and two Mn islands on top of this adlayer.
The topographic image of (a) was obtained at the setpoint of spectroscopy (Vs =
−0.50 V, I = 0.55 nA, 15×15 nm2). dI/dV curves were measured at every pixel
(75×75). (b) shows the dI/dV map at +1.02 V of an area (10×10 nm2) around the
hole in the first adlayer. Spherical depressions can be observed which are related
to intermixed Fe atoms. (c) shows averaged dI/dV curves which are representative
of the four different surface areas which are shown in (b). Curve 1 is representative
of the substrate layer, curve 2 of the dI/dV map depressions on the first Mn layer
(low dI/dV at Vs = +1 V), curve 3 of the bright dI/dV map areas on the first
Mn layer (high dI/dV at Vs = +1 V), and curve 4 of the second Mn layer. (d)
same dI/dV curves as (c) but normalized by (I/V ). (010301/37/35)
and Mn islands on top of the first Mn adlayer can be recognized. Less than 1%
of the substrate level is still uncovered for growth at 100◦C which shows that the
130 Mn on Fe(001)
temperature is high enough to allow for good layer-by-layer growth. On every pixel of
Fig. 5.16(a) a dI/dV curve was obtained. Figure 5.16(b) shows the dI/dV map at Vs
= +1.02V. This figure zooms in on the area around the uncovered Fe(001) substrate
in Fig. 5.16(a). Dark spots with a concentration of ∼7% are observed in this dI/dV
map. Averages of the dI/dV curves which are representative of four different surface
areas are shown in Fig. 5.16(c). Curve 1 is measured on the substrate Fe(001)
level and reveals a peak at +0.22V. This relatively high peak energy for the Fe(001)
substrate might be partly caused by the background on the high energy side of the
peak (see section 5.4.3). However, the background is not extremely high (a/b is 0.4)
and peak energies higher than 0.20V have not been observed on the clean Fe(001).
The small size of the hole (∼ 1nm) might lead to a real upward peak shift due to
confinement (peak shifts were also observed on very small Fe islands, see chapter
4). Lastly, oxygen impurities might be responsible which were also shown to lead to
(local) peak shifts of order ∼0.05V (see chapter 4).
Curve 2 and 3 are measured on the first Mn adlayer. Curve 2 is obtained on
the dark spots of Fig. 5.16(b). Since their concentration corresponds to the concen-
tration of one type of depressions observed in Fig. 5.14, it must be concluded that
only one type (depressions at atomic sites or depressions at four-fold hollow sites)
leads to this dI/dV curve. For this particular a/b (0.4) a peak is observed around
0.45V. Tentatively, this peak is attributed to a single Fe atom which is incorporated
in the Mn adlayer. Curve 3 is measured on the larger part of the first Mn monolayer
and shows strong resemblance with the dI/dV curves measured on the p(1× 1) areas
on the Mn islands of e.g. Fig. 5.9. Curve 4 is measured on the second Mn layer
and shows a shoulder-like feature 8 around +0.20 eV. Figure 5.16(d) shows the cor-
responding normalized (dI/dV )/(I/V ) curves. Peaks are observed at 0.16V, 0.20V
and 0.30V for curve 1, 2 and 4, respectively. For curve 3 only a shoulder is observed
in (dI/dV )/(I/V ) 9.
5.6 Interlayer distances of Mn films
An interesting issue is the step height of the first (h01) and second (h12) Mn layer.
Since different electronic structures are measured on the substrate, first and second
Mn adlayer and STM probes a convolution of real geometric and electronic effects,
step height measurements with STM might be voltage dependent.
In Fig. 5.17(a) the measured step heights for the first (squares) and second (dia-
monds) Mn layer deposited at 150◦C 10 are shown as a function of the applied bias
8Or weak peak: for higher a/b this feature becomes a real peak.
9Normalizing the dI/dV curves by a fit to the background results in peak energies of +0.19 eV
(1), +0.32 eV (2), +0.32 eV (3), and +0.22 eV (4).
10Submonolayer Mn islands grown at different substrate temperatures show similar bias voltage
dependent apparent step heights.
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Figure 5.17: (a) Apparent step heights of the first (squares) and second Mn layer
(diamonds) as a function of applied bias voltage. The bias voltage dependence of
the apparent step heights can be understood from the various electronic structures.
(b) Histogram showing the height distribution of the STM image in the inset. Four
levels can be distinguished (labeled A to D) which shows clearly that the Mn
adlayer has a higher apparent interlayer spacing (AC and BD) than the Fe(001)
substrate (AB and CD). (010202/22..28;010214/3/5/21/25;010301/14/15)
voltage. These step heights were measured from histograms like the one shown in
Fig. 5.17(b). This histogram for example clearly reveals the inequality of the Mn–Fe
(i.e. AC and BD) and Fe–Fe steps (AB and CD). Only histograms which show sharp
peaks were included in the analysis 11. The measured step heights did not depend on
tunneling current or tip conditions 12. These observations imply that the variations
in step heights are only a result of the electronic structures of the various layers, i.e.
Fe(001) substrate, first and second overlayer.
h01 and h12 are 0.157±0.005nm and 0.156±0.005nm, respectively, for large nega-
tive bias voltages. Since the dI/dV curves are featureless at these bias voltages, this
height is attributed to the real geometric step height. For voltages higher than Vs =
−0.4V, the electronic structure has an influence on the step height measurements.
h01 first drops to 0.140nm due to the onset of tunneling into the Fe(001) surface state
on the substrate level which causes the tip to retract on the Fe layer relative to the
11The histogram of Fig. 5.17(b) shows sharp peaks and consequently the step heights can be
unambiguously defined by fitting these peaks to Gaussians. If the image cannot be properly plane-
fitted, the histograms show broad peaks and the resulting step heights are not believed to be accurate
in these cases.
12This is related with the absence of large differences in apparent barrier heights (see chapter 6).
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first Mn layer. However, above Vs = +0.2V h01 increases again due to the electronic
structure on the first Mn layer. As can be seen in Fig. 5.16 dI/dV is higher on
the first overlayer for Vs > +0.2V. h12 shows the same behavior which can also be
related to the electronic structure as measured in the dI/dV curves. Figure 5.16(c)
also shows that dI/dV is higher for curve 4 compared to curve 3 between 0.0V and
∼0.5V leading to an additional tip retraction on top of the second Mn layer compared
to the first.
Pierce et al. observed a maximum step height of ∼0.16nm in STM for the first
Mn layer deposited at 150◦C on Fe(001) (which dropped to ∼0.14nm around the
Fe(001) surface state energy of +0.2V) [2]. All the following Mn layers had a voltage
independent step height of 0.161±0.003nm. This is remarkable since it is shown in this
study that the first and second Mn layer have features in dI/dV which are as strong
as the Fe(001) surface state and should therefore be expected to have an as strong
influence on the measured step heights. In the present study it is shown that the effect
of the electronic structure on the step height h01 is more complicated. Furthermore,
h01 is lower than 0.16nm even for large negative sample voltages. Smaller interlayer
distances for the first Mn layers were also reported by two other recent studies. Using
quantitative LEED, Kim et al. found a distance of 0.13 nm between the first two Mn
layers for growth at room temperature. A distance of 0.161nm was found for 2.3nm
thick films [4]. EXAFS experiments by Andrieu et al. found for room temperature
grown two ML thick Mn films distances for h01 and h12 of 0.148 ± 0.002nm and
0.152± 0.002nm, respectively [6].
Figure 5.18 shows the step heights of the submonolayer islands as a function of
the growth temperature. The step heights were measured at bias voltages lower than
−0.5V since for these voltages, electronic effects were found to be negligible. The
step heights for growth at 50, 100, and 150◦C are equal within the experimental un-
certainty (0.156, 0.154, and 0.156±0.005, respectively) which is significantly higher
than the Fe(001) step height of 0.144±0.005nm. The Fe(001) step height is also in-
dicated in Fig. 5.18. The step heights of the submonolayer islands grown at 200◦C
are found to be 0.148± 0.005nm which is significantly lower than the step heights of
the islands grown at lower temperatures but is still higher than the Fe(001) interlayer
distance. The different interlayer distance can be understood if one realizes the dif-
ferent chemical composition of the islands. The growth at 50◦C was shown to lead to
pure Mn islands, but growth at higher temperatures lead to mixed islands (see Table
5.1). Especially for growth at 200◦C, the islands contain a high fraction of Fe atoms
(∼60%). Eventually, for pure Fe islands, interlayer distances equal to 0.144nm are to
be expected.
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Figure 5.18: Interlayer spacing of first overlayer as a function of Mn growth
temperature. The Fe(001) step height with experimental uncertainty, i.e. 0.144
± 0.005 nm, is also shown (horizontal lines).
5.7 STM and STS results on thick Mn films
Figure 5.19(a) shows an STM image of 5ML Mn deposited on Fe(001) at 100◦C. The
growth behavior is certainly not perfectly layer-by-layer: seven different layers can
be observed. The change of growth mode from two-dimensional to three-dimensional
is well-known for the Mn/Fe(001) system and is related to the increase of strain
energy with layer thickness due to the lattice mismatch of Mn on Fe(001) [1, 2, 5] 13.
Atomically and chemically resolved STM images showed the presence of Fe atoms in
the third (∼2%) and the fourth layer (∼1%). The next layers are believed to be pure
Mn.
dI/dV measurements were performed at each pixel of this image. A dI/dV map at
Vs of +0.17V is shown in Fig. 5.19(b). Averaged dI/dV curves which were obtained
on the different levels are shown in Fig. 5.19(c). The lowest level can be assigned to the
second Mn layer: the shoulder/plateau-like feature in dI/dV (which can be observed
as a sharp peak at +0.20V in the normalized (dI/dV )/(I/V ) curves) observed on
this layer is in agreement with the results of Fig. 5.16. Starting at the fourth layer,
a dip at ∼ +0.07,V is observed in dI/dV . The strength of this dip oscillates with
13Since bulk bcc Mn does not exist at room temperature, the high temperature phase or alloyed
phases have to be extrapolated to room temperature or zero impurity content to find the lattice
parameters. In this way, Pfandzelter et al. report a bcc lattice constant of 0.296 nm and consequently
a misfit of 3.2% [5]. Kim et al. report a lattice constant of 0.298 nm (4% mismatch) based upon a
strain analysis [4].
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Figure 5.19: STS measurement performed on Fe(001) deposited with nominally
5 ML Mn at 100◦C. (a) is a topographic image taken at the setpoint of spectroscopy
(Vs =−0.54 V, I = 0.52 nA. 50×50 nm2). Seven different height levels are exposed.
A dI/dV curve is measured at each pixel of this image. (b) shows the dI/dV map
at Vs = +0.17 V and (c) shows the averaged dI/dV curves (typically 100 curves)
obtained on the different levels. The lowest level shows a dI/dV curve similar to
those obtained on the second Mn layer. Starting at the fourth layer an oscillating
contrast (light-dark) with a period of 2 layers is observed in the dI/dV map.
The right side of (c) shows the relevant part of the dI/dV curves enlarged: the
oscillating contrast is caused by a dip in dI/dV around +0.07 V of which the depth
oscillates: deep (weak) dip for odd (even) layers. (010216/8)
the layer thickness which is the origin of the dark-light contrast in the dI/dV map of
Fig. 5.19(b). The apparent step height was found to increase to 0.174nm at the third
layer (h23). At the fourth and fifth layer apparent step heights of 0.168 (h34) and
0.175nm (h45) were found. For the sixth layer the step height decreased to 0.152nm
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(h56). For the seventh layer it increased again to 0.172nm (h67), while for the eight
layer a low value of 0.150nm (h78) was found. These step heights were all measured
at large negative bias voltages: at these tunneling conditions they are assumed to be
least disturbed by electronic effects. For all our measurements that showed the dip,
the oscillating dI/dV contrast and the oscillating step heights, the deepest dI/dV dip
was always found for the fifth and seventh layer, while h56 and h78 always showed the
lowest apparent step height.
The observation of the dip in dI/dV , the oscillating dI/dV map contrast for
even and odd layers, and the oscillation of the apparent step heights is strongly tip
dependent. With tips that cannot resolve the second layer peak/shoulder due to a
higher background at the high energy side (see discussion section 5.4.3), the dips
cannot be resolved too and the dI/dV curves for the even and odd layers are equal.
Furthermore, the step heights are independent of the bias voltage and equal for even
and odd layers (0.165±0.005nm).
The two-layer period of this oscillation and the onset at the fourth layer seem to
imply a relation with the reported layered antiferromagnetism for this system [1, 2].
The voltage pulses applied to the tip in order to reshape or clean the tip are believed to
lead to mass transport from sample to the tip and therefore it cannot be excluded that
the tip will be covered by Mn or Fe atoms in this process thereby creating a magnetic
tip. However, the failure to image domain walls (where the deep dips should move
from odd to even layers) or to observe a tip dependence of the oscillations (direction tip
magnetization is random, therefore odd/even should be ambiguous) do not strongly
support this explanation. Therefore, the effects might be caused by the (non-spin-
polarized) electronic structure alone. Ab initio band structure calculations for thick
Mn films on Fe(001) could certainly help in the interpretation of these spectroscopic
results.
Spin-polarized STM could give relevant additional information for this system.
Layered antiferromagnetism was already studied with this technique for Cr(001) for
which also step height modulations of 0.02 nm [44] and 0.014nm [45] were reported.
In the pioneering experiments by Wiesendanger et al. CrO2 tips with almost 100%
spin-polarization were used [44], whereas in the recent study by Kleiber et al. Fe-
covered tungsten tips which were assumed to have a 40% spin-polarization were used
[45].
5.8 Summary and conclusion
STM measurements showed that Mn atoms become incorporated in the Fe(001) sur-
face for submonolayer growth at temperatures above 100◦C. From images showing
chemical contrast the fraction of Mn atoms that have undergone place exchanges
with Fe substrate atoms was deduced as a function of growth temperature. A local
c(2 × 2) structure was observed on the islands which was interpreted as an ordered
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MnFe alloy. For the growth temperatures studied (up to 200◦C) the Mn atoms were
found to stay in the surface layer.
STS measurements did not reveal a double peak structure in the dI/dV spectra on
the single Mn impurities in contrast to Cr/Fe(001). The influence of a tip dependent
background on the apparent surface state energies in dI/dV and (dI/dV )/(I/V ) was
discussed and carefully analyzed. By normalizing the dI/dV curves by fitted quadratic
backgrounds the surface state energies were recovered. Pure p(1×1) Mn islands were
found to show a surface state around +0.35 eV, while the c(2× 2) MnFe alloyed areas
on the islands showed a surface state around +0.25 eV.
For growth at 200◦C the Fe(001) surface state is detected on the islands which is
an indication that for these high growth temperatures the islands consist mainly of Fe
and that Fe clusters of only a few atoms are already enough to show the Fe(001) surface
state. In the present study, growth at higher temperatures was not possible but it
may be very likely that the islands become even more Fe-like (with Mn disappearing
into the bulk as was shown for Cr/Fe(001) for growth at 300◦C).
Growth of 1ML at 100◦C showed that the fraction of place exchanged Mn atoms
is the same as for submonolayer growth. Two types of depressions were observed
in the first Mn adlayer which were both identified as incorporated Fe atoms. Their
concentration is much higher than the impurity-related depressions which are observed
in STM images which do not show chemical contrast. Furthermore, it was not possible
to relate these impurity-related depressions to the features in the images with chemical
contrast. However, only one type showed up in the dI/dV map with a contrast
different compared to the Mn layer. It was speculated that the two types of depressions
are related to different chemical or magnetic environments of the embedded Fe atom.
It was shown that electronic effects may have a strong influence on the apparent
step heights measured in STM. Nevertheless, an interlayer distance of 0.156±0.005nm
was found for the first Mn overlayer. At higher temperatures, the presence of large
amounts of Fe decreases this interlayer distance to 0.148±0.005nm. The second Mn
layer was found to have the same interlayer distance as the first Mn layer. A char-
acteristic peak (shoulder) in dI/dV and a peak at +0.20V in (dI/dV )/(I/V ) was
observed on this layer.
STS measurements which were performed on thicker Mn films (grown at 100◦C)
reveal dip-like features in the dI/dV curves which strength oscillates with a period of
two layers. These oscillations start at the fourth Mn layer. This effect is related with
the observation of oscillating apparent step heights. However, these effects are only
observed with particular tip conditions. It was speculated that these effects may be
related with the antiferromagnetic ordering of the Mn layers. Future spin-polarized
STM experiments may help to interprete the present results.
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Chapter 6
Surface-alloy induced
interface roughening: Au on
Fe(001)
In this chapter the results of an STM and STS study on the growth of Au on Fe(001)
will be presented. For submonolayer coverages below 0.5ML and growth temperatures
above 100◦C Au atoms are found to become incorporated in the Fe(001) surface. The
Fe(001) surface state (peak in dI/dV at +0.17V) is used as a chemical fingerprint. In
particular, it will be shown that for a coverage of about 0.5ML at 200◦C a new peak
between +0.55 and +0.75V is observed in the dI/dV curves. Although at this cover-
age and growth temperature a local c(2×2) structure is observed, long range order is
clearly missing. Deposition of more than 0.5ML Au at 200◦C results in a demixing of
the surface alloy. Furthermore, growth at 200◦C is not perfectly layer-by-layer. This
growth kinetics and the alloying dealloying process which takes place during growth
of the first ML lead to a rough interface consisting of Au islands embedded in and Fe
islands on the original Fe(001) substrate. The large difference in interlayer spacing
between bcc Fe(001) and fcc Au(001) [i.e. 0.14nm and 0.20 nm, respectively] allows
the buried interface to be studied by STM with extremely high resolution even when
covered with thick Au films (3.5ML). The features which are observed in this coverage
regime can all be explained by a model based upon interface roughness, the different
interlayer spacings of Fe and Au, and the surface reconstruction appearing for Au
films thicker than 3 ML. The electronic structure of these features will be examined
by STS.
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6.1 Introduction
Interfaces play a key role in the transport and magnetic properties of multilayer
systems which are of technological and fundamental interest. Effects such as giant
magneto-resistance [1], tunnel-magneto-resistance [2], and oscillatory exchange cou-
pling [3] display extreme sensitivity to interfacial conditions. Intermixing and interface
roughening are important processes which strongly influence the interface quality.
During the last decade, the STM has proven to be a very useful tool in studying
surface alloying. Chemical contrast has often been achieved either with special tip
conditions [see e.g. Ref. [4] and references therein] or by means of characteristic
features in STS [5]. However, reports on imaging of structures buried under metallic
overlayers (i.e. a buried interface) are rare [6–8].
The large difference in interlayer spacing between bcc Fe(001) and fcc Au(001)
(0.144 and 0.204nm, respectively) makes this system ideal for a high resolution STM
study of the subsurface interface. Their close lateral match (only 0.6% difference) is
very favorable and consequently, growth of Fe on Au(001) has been studied extensively
(e.g. [9–11]). Despite the unfavorable surface energy relation (γAu  γFe) layer-by-
layer growth was often found and seems promoted by a surfactant Au monolayer
floating on top of the Fe layer. Nevertheless, Blum et al. recently concluded that the
growth of a flat and defect-free bcc-Fe film on Au(001) remains a challenge [10]. In
contrast, the growth of Au on Fe(001) is not as widely studied. RHEED studies by
Unguris et al. indicated that at 100◦C the growth of Au on Fe(001) is well ordered and
layer-by-layer [12]. However, the exchange coupling strength for a Fe/Au/Fe trilayer
was found to be much lower than predicted by theory, in spite of the high quality of
the Fe(001) whisker substrates used [3]. Recently, Opitz et al. postulated that the
origin of this discrepancy is due to impurity scattering at the interface rather than
mesoscopic roughness [13].
Until now, the only STM experiments for the Au on Fe(001) system were reported
by Van der Kraan [14] who studied the coverage regime between 3 and 5ML in the
temperature range between room temperature and 250◦C. The optimal deposition
temperature for smooth films was found to be around 100◦C. The films grown above
170◦C showed some unusual patterns, characterized by square-like patches and ring-
like structures. These patterns were ascribed to interface roughening which could be
observed at the surface because of the large difference in interlayer spacing for Au
and Fe. It was speculated that at these temperatures atoms could be place exchanged
followed by diffusion along the interface.
In this chapter, a study on the growth of Au on Fe(001) starting from the submono-
layer regime up to the regime where the Au starts to reconstruct will be presented.
The STM study is merely focussed on growth at high temperatures since the goal
is to get a better understanding of the interface roughness model proposed by Van
der Kraan [14]. The electronic structure of all differently prepared samples will be
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locally studied with STS. The potential of using STS for chemical identification in
this system will be explored.
6.2 Experimental
For this study the same substrate and preparation method was used as described in
chapter 3. Briefly, the Fe(001) whisker was Ar-sputtered for 45 minutes at a tem-
perature of 700-750◦C. After sputtering, the sample was allowed to cool to room
temperature which is enough to heal the sputter damage. At the same time, the
cryoshroud was cooled with liquid nitrogen to increase pumping capacity and the
Knudsen-cell containing the gold nuggets (99.99%) was slowly heated from room tem-
perature to 1150◦C in about 90 minutes. Gold was evaporated at a speed of about
0.2ML/min as calibrated with the quartz crystal oscillator. One ML is defined as a
complete overlayer with Fe(001) bulk lattice constant (1.214×1019 atoms m−2). The
pressure during the heating of the Knudsen-cell and the growth was always around
3×10−10 mbar (unless otherwise stated). During deposition the sample was annealed
using a resistive heater which limited the maximum growth temperature to around
230◦C. Temperature measurements were performed by a thermocouple which was not
in direct contact with the sample. Therefore, the estimated error in the temperature
measurements is relatively high: ±30◦C at 230◦C. After deposition, the sample was
moved to the STM chamber as quickly as possible (within about 10 minutes). In this
chamber, the pressure was around 5× 10−11 mbar. The contamination of the Fe(001)
surface was estimated from the STM images and is mostly less than 0.01ML. If AES
measurements were necessary, they were performed after the STM measurements.
6.3 Submonolayer growth of Au on Fe(001)
In this section the results of the submonolayer growth of Au on the Fe(001) whisker
will be presented. Different growth temperatures between 100 and 230◦C will be
examined.
6.3.1 Growth at low temperature: pure Au islands
An STM image of the Fe(001) surface covered with Au at a sample temperature of
100◦C is shown in Fig. 6.1(a). The density of Au islands for the growth at this
temperature is 1.7 × 1012 cm−2. The coverage is estimated to be 0.26ML from a
histogram analysis of the height distribution. This analysis also shows that the height
of the Au islands is 0.11nm. The same height is found from the line profile along the
white line in Fig. 6.1(a) which is shown in Fig. 6.1(c).
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Figure 6.1: (a) Topographic image of the Fe(001) surface after deposition of
0.26 ML Au at 100◦C (Vs = −0.5 V, I = 0.54 nA, 20 × 20nm2). The islands are
0.11 nm high (see Table 6.1). A dI/dV curve was recorded at every pixel. (b)
dI/dV map at Vs = +0.17 V. (c) Averaged (typically 100) dI/dV curves obtained
on the terrace (1) and on the Au islands (2). (d) Line profiles along the white
lines in (a) and (b). (010228/10)
I(V ) measurements were performed on each pixel of the topographic image of Fig.
6.1(a). To study the effect of the Au film on the Fe(001) surface state, the dI/dV map
at the energy of the surface state (+0.17V) is shown in Fig. 6.1(b). From this image
it follows clearly that the surface state has disappeared on the monolayer thick Au
islands. Figure 6.1(c) shows averaged dI/dV curves obtained on the Fe(001) substrate
(curve 1) and on the Au island (curve 2). Curve 1 shows the Fe(001) surface state at
+0.17V. For curve 2 this peak has completely disappeared. Instead, a dip is observed
around +0.05V. This dip might also be interpreted as originating from a broad peak
below the Fermi level. This feature which is visible for measurements performed on
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Figure 6.2: (a), (b) and (c) Topographic images of the Fe(001) surface covered
with 0.26 ML Au at 100◦C. Scansizes: 50×50 nm2 for (a) and (c), 15×15 nm2 for
(b). Setpoint is Vs = −0.5 V, I = 0.5 nA. The islands are 0.11 nm high. A dI/dV
curve was recorded at each pixel of these topographic images. (d), (e) and (f) are
dI/dV maps at Vs = +1.02 V corresponding to the topographic images of (a), (b)
and (c), respectively. Some islands appear white due to their higher background
compared to the other islands and the terrace. The island marked A is bright in
(d), changes to black in (e) and is black in (f). The island marked B is white in
(d) but is black in (f). On the contrary, C is black in (d) but appears white in
(f). D is white in (d) and is still white in (f). (010228/13/18/20)
various samples with monolayer Au islands grown around 100◦C and which is obtained
with different tips is more clear in the normalized (dI/dV )/(I/V ) curves (peak around
−0.25V) and appears sharper and more pronounced in the STS spectra measured on
complete Au overlayers on Fe(001) [see section 6.4]. The line profiles along the white
lines in the topographic image of Fig. 6.1(a) and the dI/dV map of Fig. 6.1(b) are
shown in Fig. 6.1(d) and show that the surface state disappears on a length scale of
∼1nm. This distance is comparable to the broadening of the monoatomic step as the
topographic line profile shows (see also chapter 4).
Figure 6.1(c) shows that the background of the dI/dV curves on the high energy
side is comparable for the Au islands and the terrace, i.e. dI/dV (+1V) is ∼2.5 nA/V.
However, occasionally, Au islands are observed on which this background is much
stronger than on the Fe(001) terrace. In these cases, dI/dV (+1V) is 14 nA/V. Fur-
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Figure 6.3: Single dI/dV curves of the STS measurement shown in Fig. 6.2(b).
Curve 1 is measured on the terrace in the bottom half of the image and shows
the Fe(001) surface state. Curve 2 is measured on the bottom half of the island
marked A: dI/dV is 14 nA/V at Vs = +1V. Curve 3 is measured on the top half:
now dI/dV (+1V) is only 3 nA/V. Curve 4 is measured on the terrace in the top
half of the image and is equivalent to curve 1. This makes a tip change very
unlikely. (010228/18)
thermore, islands showing a high dI/dV background were observed to switch to a
lower background state or vice versa. This is illustrated in Fig. 6.2 and Fig. 6.3. Of
the 43 islands which can be observed in the image of Fig. 6.2(a) only 5 have a high
dI/dV value at Vs = +1V as the dI/dV map of Fig. 6.2(d) clearly shows. Figure
6.2(b) is imaged 45 min after Fig. 6.2(a). Remarkably, Fig. 6.2(e) shows that the
island which is marked A switches from the high dI/dV state to the low dI/dV state
within one scan line (which is of the order of 5 s). Four single dI/dV curves recorded
at pixels of Fig. 6.2(b) are shown in Fig. 6.3. The dramatic decrease of the high
energy background in dI/dV is obvious if the dI/dV curves measured at positions
2 and 3 on the island are compared. Curves 1 and 4 show that the dI/dV curves
measured on the terrace which show the Fe(001) surface state are exactly equivalent.
This gives strong evidence that the switching is not related to a tip change but to a
change of the electronic structure of the island. The observation that along one scan
line both dark and bright islands can be observed in the dI/dV maps also excludes
the possibility that this effect is related to the tip. In Fig. 6.2(c) and Fig. 6.2(f)
[recorded 30 min after Fig. 6.2(b)] it can be seen that island A is still dark and that
also island B has become dark. On the contrary, island C which was dark in Fig.
6.2(d) has become bright in Fig. 6.2(f). The height of all the islands (i.e. both white
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Figure 6.4: (a) Topographic image of the Fe(001) surface covered with 0.26 ML
Au at 100◦C (Vs = −0.21 V, I = 0.10 nA, 16.8 × 16.8nm2). It can be seen that
the Au islands are lower than the Fe step. Note the step flow growth of the Au
along the Fe step. (b) Line profile along the white diagonal line in (a). It can
be clearly seen that the the islands are 0.10 nm high, while the Fe step is 0.14 nm
high. (010228/21)
and dark islands in dI/dV map) is 0.11nm.
The height of the Au islands in Fig. 6.1 and Fig. 6.2 (i.e. 0.11nm) is surpris-
ing considering that the interlayer spacing of fcc Au(001) [0.20 nm] is actually larger
than the bcc Fe(001) interlayer spacing (0.14 nm). From a hard sphere model, a
Au-Fe interlayer spacing of 0.174nm [average of Fe (0.143nm) and Au bulk nearest
neighbor distances (0.204nm)] is expected. Experimentally, slightly higher values are
reported, e.g. 0.182nm for Fe/Au(001) in Ref. [15] and 0.192nm and 0.184nm for
Au/Fe/Au(001) in Ref. [10] 1. To exclude a calibration error, Fig. 6.4(a) shows an
STM image obtained on an area showing both an Fe(001) monoatomic step and
monoatomically high Au islands. The lower apparent step height of the islands
(0.10 nm) compared to the Fe step (0.14nm) is obvious from the STM image, in
which the Au islands which have overgrown the Fe(001) step appear darker, and the
line profile along the white line which is shown in Fig. 6.4(b). The absence of the
surface state on the islands may lead to a closer tip-sample distance around +0.17V
on top of the islands compared to on the terrace, thus lowering the apparent step
heights of the Au islands. However, the observation that the apparent step height
is also very dependent on the tunneling resistance (compare Fig. 6.4 with previous
1The latter experiments were performed on a sample grown at 130◦C compared to a RT-grown
sample in the first study. Blum et al. suggested that Au substitutional disorder in the Fe film may
expand the Au-Fe spacing [10].
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Measurement: ∆z [nm] I [nA] Vs [V] Rt [MΩ]
1 (010228/4) 0.10 0.158 −1.0 6000
2 (010228/6) 0.11 1.9 −0.016 8
3 (010228/7) ? 0.12 0.5 −0.01 20
4 (010228/12) ∗ 0.11 0.5 −0.5 1000
5 (010228/21) ∗ 0.10 0.10 −0.21 2000
6 (010313/4) ∗ 0.10 0.5 −0.5 1000
7 (010313/6) ∗ 0.12 0.5 −0.5 1000
8 (010313/23)∗ 0.15 0.5 −0.5 1000
9 (010313/29) 0.15 0.5 −0.5 1000
10 (010313/53) 0.15 0.5 −0.5 1000
Table 6.1: Apparent step heights (∆z) of monolayer Au islands deposited at
100◦C as a function of tunneling setpoints and tip configuration. “?” indicates
that a tip change before the measurement is likely, while “∗” indicates that the
tip was deliberately changed before the measurement by applying a voltage pulse.
figures) and tip configuration shows that the low step height can only be partially
ascribed to electronic effects.
Measurements of the step heights of the Au islands grown at 100◦C by histogram
analysis of the STM images (or simply from line profiles) 2 show a scatter of 0.05nm
as can be seen from the results shown in Table 6.1. The first two measurements
of this table show an increase of the step height from 0.10 nm to 0.11 nm when the
tunneling resistance is decreased from 6GΩ to 8 MΩ. It should be noted that these
measurements were performed with the same tip configuration, i.e. no tip changes
were observed between these measurements. Compared to the first measurement, the
second one was performed at a bias voltage which is closer to the Fe(001) surface
state energy and consequently, a lower step height would be expected for the second
measurement if the effect was mainly caused by the different electronic structure.
The third measurement results in an even higher step height of 0.12nm although
compared to the results of the first two measurements a step height lower than the
result of the second measurement would be expected (since a higher tunneling re-
sistance). However, a tip change, which is very likely at low tunneling resistances,
cannot be excluded between these measurements. The fourth and fifth measurements
were performed after a voltage pulse had been generated which lead to a tip change
and consequently to a change of the Au island height. The last five measurements
in this table were all performed at exactly equivalent setpoints. Tip changes before
2The estimated accuracy of these methods is ±0.005 nm.
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measurement 5, 6 and 7 lead to a change in the apparent island step height. The last
three measurements were performed over a period of almost five hours during which
no tip change was observed. The apparent island step height stays constant within
the accuracy. It must therefore be concluded that the apparent heights of single layer
Au islands depend weakly on the tunneling resistance but very strongly on the tip
configuration.
Step height measurements with STM of islands which differ in chemical composi-
tion from the underlying substrate are known to be influenced by differences in local
work functions. This effect was e.g. reported for Ag islands on Pt(111) where the
height of the Ag islands was found to increase from 0.24nm to 0.29nm due to a low-
ering of the work function upon Ag deposition [16]. Qualitatively, this effect can be
understood by simple tunneling theory. For low bias voltages, the constant current
mode used in the STM measurement imposes the constraint [17]:
dAu ·
√
φAu + φtip − V = dFe ·
√
φFe + φtip − V . (6.1)
In this equation d is the tip-sample distance above the Au island or the Fe substrate,
φ is the workfunction, and V is absolute value of the applied voltage. This equation
shows that if the Au islands have a higher local work function than the Fe(001) sub-
strate, for a given setpoint the tip has to come closer to the surface on the islands
in order to maintain a constant current. The result is a lower apparent height of the
islands. This seems reasonable since Au(001) is known to have a higher workfunction
than Fe(001) [5.5 eV compared to 4.4 eV [18]]. From Equation 6.1 it follows that a
change in the workfunction of 20% (which is realistic, see above) leads to a change in
the tip-sample distance of 10%. If it is assumed that at a tunneling resistance of 1 MΩ
the tip-sample distance is ∼0.5 nm (see chapter 4), the 20% difference in workfunc-
tions will lead to a relative vertical tip displacement of 0.05 nm. At higher tunneling
resistances stronger effects are expected because of larger tip-sample distances. This
is in correspondence with the trend observed for the first two measurements of Table
6.1. Equation 6.1 also shows that high (absolute) bias voltages 3 and low tip work-
functions amplify the effect of the difference in local work functions. It was shown
in chapter 4 that voltage pulses lead to large changes in the apparent barrier height
and consequently in the tip work function. This may qualitatively explain the strong
effect of tip changes on the apparent step heights.
6.3.2 Growth at 135◦C
Topography
STM images of the Fe(001) surface covered with 0.20ML Au at 135◦C are shown in
Fig. 6.5. Since both the pressure during growth was slightly worse than usual (i.e.
3But strictly speaking, Equation 6.1 does not hold for high bias voltages.
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Figure 6.5: (a) Large scale STM image of the Fe(001) surface covered with
0.20 ML Au at 135◦C (Vs = −0.77 V, I = 0.23 nA, 67×67 nm2). The height of the
islands is indistinguishable from the Fe(001) step height (0.14 nm). Note the high
concentration of contaminants on the lower terrace close to the step edge. (b)
Small scale STM image (Vs = −0.77 V, I = 0.23 nA, 10×10 nm2). A stepped grey
scale has been used: the black-white range corresponds to 0.05 nm on the terrace
and the island surface. The black-white island perimeters are artifacts of the grey
scale. In addition to the depressions (e.g. arrow marked D), protrusions (P) are
observed on the terrace, while on the islands only depressions (I) are observed.
The inset shows a cross section along the dashed black line over protrusion P.
(001117/9/15)
6×10−10 mbar) 4 and the sample had not been cleaned long enough, the contamination
concentration is relatively high and is estimated to be 0.07ML from STM images like
Fig. 6.5(b). Auger spectroscopy showed both oxygen and carbon peaks: O/Fe = 7%,
C/Fe = 6%. However, the large amount of depressions observed on the lower terrace
close to the step edge of Fig. 6.5(a) shows that the impurity concentration is much
higher here 5.
The monoatomic step in Fig. 6.5(a) has apparently the same height as the Au
islands (0.14 nm). It should be remarked that for growth at this temperature the same
step height is always observed for the Au islands. The island density is 1.3×1012 cm−2
for the growth at this temperature which is only slightly lower than for the growth at
100◦C.
Figure 6.5(b) shows a small scale STM image of the same sample. Islands, depres-
sions and protrusions can be recognized. The terrace depressions (marked D) which
4The reason was that the Knudsen-cell containing the Au was not degassed long enough.
5The facet formation as described in chapter 3 was also observed on this sample showing that the
local concentration of contaminants was high enough to form these structures.
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are 30pm deep are also visible on the uncovered Fe(001) substrate and are ascribed
to impurity atoms. Their concentration is 7% as previously discussed. The small
protrusions (marked P; 10% concentration) are only visible after Au deposition at
temperatures higher than 100◦C with increasing concentrations for increasing depo-
sition temperatures and increasing coverages. Because of their spherical symmetry
(0.4 nm wide), low apparent height [10–20pm, see inset Fig. 6.5(a)] and extreme
sensitivity of their appearance on the tip conditions, these features are identified as
single substitutional Au atoms in the Fe(001) surface layer. Analogously, the weak
depressions visible on the islands (marked I, 10–20pm deep) are interpreted as place
exchanged Fe atoms which have formed islands with Au adatoms. This interpretation
is in agreement with the fact that 40% of the surface of the islands is covered with
depressions. Since the islands cover 0.20ML of the Fe(001) substrate (which equals
the amount of Au deposited and shows that the number of Au atoms attached to step
edges can be neglected for large terrace whisker substrates), it follows that 0.08ML Fe
can be found in the islands. Consequently, 0.08ML Au is substituted in the Fe(001)
terrace which perfectly agrees with the concentration observed. This balance and re-
sults obtained at slightly different growth temperatures and coverages also show that
the Au atoms stay in the surface layer (i.e. islands and uncovered part of substrate).
Figure 6.5(b) shows that most protrusions have gathered around the islands. Fur-
thermore, the terrace in the left-bottom of this figure shows a very low concentration
of protrusions. These observations seem to imply that the step edges (or kinks at
step edges) play an important role in the place exchange process. The diffusion of
Au on Fe(001) is clearly high enough to form islands even for deposition at room
temperature, while the Au incorporation only starts at temperatures above 100◦C.
Therefore, it seems likely that the deposited Au adatoms diffuse to substrate steps 6
or Au island steps first where they may place exchange with Fe substrate atoms (see
also chapter 5). This mechanism was also proposed for RT Fe/Au(001) growth [15]
and can explain why the highest concentration of protrusions is observed close to the
islands.
The formation of a surface alloy for Au on Fe(001) might be surprising considering
the fact that Au is immiscible in bulk Fe [19] 7. However, Tersoff predicted that
surface-confined mixing may generally arise in systems dominated by atomic size
mismatch [20]. It was shown that strain fields in systems with large size mismatch
6A higher concentration of protrusions was also observed close to monoatomic substrate step
edges.
7In Miedema’s semi-empirical model [19] the heat of mixing of Au in Fe is calculated to be
+0.39 eV/atom giving a solubility of Au in Fe of c = exp(−∆H/kT ) = 3 × 10−5% (1 × 10−4%)
at room temperature (200◦C). In this model discontinuities in the charge density (given by the
difference in charge densities at Wigner-Seitz radius) and elastic deformations due to size mismatch
(only relevant if size differences exceed 15%, i.e. the so-called second Hume-Rothery rule) lead to
positive contributions in the heat of mixing. The charge redistribution caused by screening which
is driven by the difference in contact potentials (work functions) leads to a negative contribution in
the heat of mixing.
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lead to a repulsion of equivalent surface nearest neighbors and a slight attraction of
surface second nearest neighbors. In particular, it was shown that for Au on Ni(110)
(which are also immiscible) the large difference in bondlengths (0.249 nm for Ni and
0.288nm for Au) is responsible for the observed surface mixing [21]. Since the Fe
bondlength (0.248nm) and its elastic constants are comparable to those of Ni [22],
the same mechanism leading to surface-confined mixing in the Au–Ni(110) is likely
to be responsible for the mixing in the present study. Furthermore, surface confined
alloying was reported for Pb on Cu(111) which are bulk immiscible and have a size
difference as large as 37% [23]. The same mechanism (i.e. strain relief) was also
believed to be responsible for the observed enhanced solubility of Au in thin Fe films
[24].
Nielsen et al. explained the Au/Ni(110) surface mixing using effective medium
theory. Due to the non-linearity of the cohesive functions and different coordinations
at various sites, the Au atoms energetically prefer the surface substitutional sites
compared to adatom positions or substitutional bulk sites [21].
Christensen et al. calculated segregation energies and surface mixing energies
within a self-consistent density-functional approach for all combinations of the tran-
sition and noble metals (however, only close-packed surfaces were considered) [25].
For Au on Fe(110) a segregation energy of −1.0 eV per atom (i.e. the deposited Au
will stay on the surface) and a mixing energy of +1.9 eV (corresponding to a repulsive
Au-Au interaction leading to alloying) were found. Relaxations were not included but
it was shown that their effect is only to increase the mixing energy.
Spectroscopy
An STS measurement on the Fe(001) surface covered with 0.2ML Au at 135◦C is
shown in Fig. 6.6. An I(V ) curve was measured at every pixel of the topographic
image [Fig. 6.6)(a)]. Since the setpoint at this measurement is comparable to the
setpoint used for Fig. 6.5(b), the dark areas on the islands can also be ascribed to
intermixed Fe. The protrusions on the terrace cannot be distinguished due to a too
low resolution. Figure 6.6(b) shows the corresponding dI/dV map at Vs = +0.23V
in which dark areas can be recognized on the terrace and bright and dark patches
can be distinguished on the islands. Comparison of Fig. 6.6(a) and Fig. 6.6(b) shows
that on the islands the bright dI/dV areas correspond to the depressed topographic
areas.
Figure 6.6(c) shows averaged dI/dV curves which are representative of the various
contrasts observed in the dI/dV map. These curves are only meant to illustrate the
differences in the electronic structure since the choice of the areas is quite arbitrary.
In other words, it should be realized that instead of having only four types of dI/dV
curves the situation is much more complex and dI/dV curves gradually change their
appearance. The numbers correspond to the boxes in Fig. 6.6(a) and Fig. 6.6(b):
the dI/dV curves obtained within these boxes have been averaged.
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Figure 6.6: STS measurement on the Fe(001) surface covered with 0.20 ML Au
at 135◦C. (a) Topographic image (Vs = −0.5 V, I = 0.52 nA, 8×8 nm2). A stepped
grey scale has been used: the black-white range corresponds to ∼30 pm on both
islands and terrace. An I(V ) curve was measured at each pixel (53×53). (b)
dI/dV map at Vs = +0.23 V. (c) dI/dV curves representative of the (roughly)
four different contrasts visible in the dI/dV map of (b). These curves are averages
of the pixels within the white boxes shown in (a) and (b) which are indicated by
numbers: (1) bright dI/dV map areas on the Fe(001) substrate, (2) dark substrate
areas, (3) bright dI/dV map areas on the Au island, and (4) dark areas on the
islands. (d) dI/dV curves of (c) normalized by I/V . (001117/23)
Curve 1 was obtained on the bright dI/dV map area (white box marked 1) on
the Fe(001) terrace and reveals a clear peak at +0.22V. This high peak energy of the
Fe(001) surface state (compared to +0.17 eV) could be due to the high voltage side
background as discussed in chapter 4. However, since the contaminants and incor-
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porated Au atoms cannot be distinguished from clean Fe patches in the topographic
image, from this measurement it cannot be excluded that this high peak energy is
caused by the presence of other atoms. Curve 2 was obtained on a dark terrace area
in the dI/dV map (marked 2) and shows a shoulder. These dark areas may arise
either from the impurities or the substituted Au atoms, since a comparison of Fig.
6.6(b) with the topographic image of Fig. 6.6(a) shows that a clear interpretation is
not possible: the protrusions, depressions and clean Fe(001) areas cannot be distin-
guished in Fig. 6.6(a). Nevertheless, a comparison with Fig. 6.5(b) shows that a high
concentration of protrusions is observed around the island perimeters, which makes it
very likely that in the area between the two islands which is marked 2 in Fig. 6.6(b)
incorporated Au atoms can be found in the Fe(001) substrate.
Shoulders in dI/dV curves may appear as weak peaks in normalized (dI/dV )/(I/V )
curves due to partial cancellation of the background (see e.g. chapter 4). Therefore,
the dI/dV curves of Fig. 6.6(c) are normalized by I/V and the results are shown in
Fig. 6.6(d). However, even when normalized curve 2 does not show a clear peak 8.
Curve 3 and 4 were measured on the islands. Curve 3, which was measured on the
bright dI/dV map area (white box marked 3), shows a higher background than curve 4
which was measured on the dark dI/dV map areas. The flattening at the high voltage
side of curve 3 could be an indication of a peak at higher energy. The normalized
curve shows this feature more clearly as a weak and broad peak around 0.5–0.6V.
Since these bright dI/dV map areas correspond to the dark topographic areas, this
electronic feature is probably related with the embedded Fe atoms. Confinement of
the Fe atoms to small areas leads to upward peak shifts as found in chapter 4 for Fe
nano-islands. Curve 4 resembles much the dI/dV curves measured on the Au islands
grown at 100◦C [see Fig. 6.1(c)]: the peak in (dI/dV )/(I/V ) around −0.25V which
was discussed before can also be observed in this case. Therefore, based upon the
STS results the depressed areas on the islands are considered to consist of Fe atoms
and the bright areas of Au atoms.
From the STS measurement of Fig. 6.6 it was impossible to discriminate between
the impurities, place exchanged Au atoms, and clean Fe(001) terrace areas. How-
ever, based upon reasonable arguments dI/dV curve 2 was tentatively attributed to
intermixed Au atoms. In order to study the embedded Au atoms in more detail, STS
measurements were performed with a higher resolution, i.e. 0.05nm/pixel compared
to 0.15nm/pixel for the measurement of Fig. 6.6. The topographic image is shown in
Fig. 6.7(a). The longer measurement time needed for the higher resolution resulted
in a distortion of the image due to thermal drift: the protrusions and depressions are
contracted in the slow scan (vertical) direction. Neverthekess, protrusions and de-
pressions can easily be recognized in this case. Five different features are selected and
the single dI/dV curves and corresponding (dI/dV )/(I/V ) curves measured on these
8If the dI/dV curves are normalized by approximate fits to their background (see section 4.2.1),
peaks appear at +0.15 eV (1), +0.17 eV (2), and +0.30 eV (3).
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Figure 6.7: (a) Topographic STM image measured at setpoint of spectroscopy
(Vs = −0.5 V, I = 0.5 nA, 1.5×3.0 nm2). (b) Single dI/dV curves representative
of the features marked in the topographic image: (1) Fe(001) terrace, (2) Single
protrusion, (3) Protrusion with neighboring protrusion, (4) Protrusion in center
of local c(2 × 2) structure, (5) Impurity. (c) dI/dV curves of (b) normalized by
I/V . (001117/29)
features are shown in Fig. 6.7(b) and (c), respectively. Curve 1 is measured at the
clean Fe(001) surface and shows a peak at 0.23V [0.16V] in dI/dV [(dI/dV )/(I/V )].
Curve 2 is measured on an isolated protrusion, i.e. this protrusion has no neighbor-
ing protrusions on surface nearest and next-nearest neighbor sites. The dI/dV curve
now shows a weak peak (∼ +0.25V) which can be clearly resolved at +0.17V in
(dI/dV )/(I/V ). Curve 3 is measured on a protrusion which has one surface nearest
neighbor site protrusion (along [010] direction). The dI/dV curve does not show a
peak. In (dI/dV )/(I/V ) there is still a peak visible around +0.3V. Also notice the
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bump below the Fermi level in dI/dV which is resolved as a peak around −0.25V in
(dI/dV )/(I/V ). Curve 4 is measured on a protrusion which is surrounded by four
protrusions at surface next-nearest neighbor sites. This protrusion, therefore, forms
the center of a local c(2 × 2) structure. The dI/dV curve shows that the shoulder
apparently has shifted to a higher energy and even the corresponding (dI/dV )/(I/V )
curve now only shows a shoulder indicating that the energy of the surface state must
be higher than +0.3V 9. Finally, the dI/dV and (dI/dV )/(I/V ) curves measured
on the depression (curve 5) are shown. A shoulder (weak peak) around +0.26V is
observed in dI/dV . This peak shift of 0.03V at an oxygen impurity is in agreement
with the results of chapter 4. The corresponding (dI/dV )/(I/V ) curve shows a peak
at +0.20V. The arrow in Fig. 6.7(c) shows that the sub-Fermi level (dI/dV )/(I/V )
signal can be used to distinguish the Au atoms. The Fe(001) and the impurity curve
have a low (dI/dV )/(I/V ), i.e. 0.6, while the Au atoms show a much higher value,
i.e. 0.9–1.0. Comparing this result with Fig. 6.6(d) shows that curve 2 (of that
figure) was indeed measured on embedded Au atoms.
6.3.3 Growth at 200◦C
An STM topographic image of the Fe(001) surface covered with 0.35ML Au at 200◦C
is shown in Fig. 6.8. The island density is 3.5× 1011 cm−2 for growth at this temper-
ature which is an order of magnitude lower than for the growth at 100–135◦C. The
apparent island height is 0.14nm, independent of tip conditions and tunneling resis-
tance. Bright protrusions (10–20pm high) are both visible on the island (bottom-left
of image) and on the terrace. This image clearly reveals that the protrusions are not
well ordered: occasionally a local c(2×2) ordering can be observed (e.g. within white
circle) but these domains are never larger than a few atoms.
From several images like Fig. 6.8, the concentration of protrusions on the terrace
is estimated to be 25%. Because of the surface-confinement of the alloy, it is assumed
that there is no Au under the islands. Consequently, 25% of the 0.65ML uncovered
Fe(001) substrate corresponds to 0.16ML place exchanged Au atoms. These Au
atoms have released substrate Fe atoms which means that 0.16ML Fe must have
been incorporated in the islands. Therefore, the Fe concentration in the islands can
be estimated to be 0.16/0.35×100% = 46%. This shows that on the islands almost
as much Fe as Au is present which is in reasonable agreement with the experimental
observations although an exact experimental concentration is difficult to quantify. If
Au atoms were allowed to be present in the substrate layer under the islands or to
dissolve even deeper into the bulk, 0.16ML should have been considered as a lower
limit for the number of place exchanged Fe atoms. Consequently, the Fe concentration
9If the dI/dV curves are normalized by approximate fits to the background (see section 4.2.1) the
following peak energies are found: +0.14 eV (1), +0.16 eV (2), +0.19 eV (3) and +0.22 eV (4).
6.3 Submonolayer growth of Au on Fe(001) 157
[100]
[0
1
0
]
c(2x2)
2
4
3
1
Figure 6.8: (a) Topographic image of the Fe(001) surface covered with 0.35 ML
Au at 200◦C (Vs = −0.01 V, I = 0.25 nA, 13.5×13.5 nm2). A stepped grey scale
has been used which covers a range of ∼0.05 nm on the island (bottom-left) and
the terrace (top-right). The concentration of protrusions and bright clusters (i.e.
Au atoms) is clearly higher on the island. Although on the islands a local c(2×2)
ordering is occasionally observed (e.g. within circle), long range order is certainly
not obtained. The circles marked 1 to 4 refer to the STS measurements shown in
Fig. 6.9. (010319/10)
in the islands would be much larger than 50% 10. This is clearly in contradiction with
the experimental results giving additional evidence for the surface-confined character
of the alloy.
STS measurements were performed at roughly the same area as shown in Fig.
10Of course, the place exchanged Fe atoms could diffuse to Fe(001) steps as well, but due the low
concentration of monoatomic steps on the Fe(001) whisker this effect is considered to be negligible.
158 Surface-alloy induced interface roughening: Au on Fe(001)
(a)
2
4 3
(b)
1
-1.0 -0.5 0.0 0.5 1.0 1.5
0.0
0.5
1.0
1.5
2.0
Sample voltage [V]
d
I/
d
V
 [
n
A
/V
]
1
2
3
4
Figure 6.9: STS measurement performed on the same area as Fig. 6.8. (a)
shows the dI/dV map at Vs = +0.20 V (20 × 20 nm2, STS setpoint: Vs = −1 V,
I = 0.5 nA). (b) dI/dV curves representative of different contrasts in the dI/dV
map. These curves are averages of the curves obtained within the small black
boxes (about 10 pixels) shown in (a): bright (1) and dark (2) dI/dV map area
on terrace, and bright (3) and dark (4) dI/dV map area on island. The positions
of these boxes correspond roughly to the circles in Fig. 6.8: the distortion of the
dI/dV map due to thermal drift and the loss of atomic resolution during the STS
measurement make it difficult to correlate the positions exactly. (010319/8)
6.8. Figure 6.9(a) shows the corresponding dI/dV map at Vs = +0.20V of this
measurement. In this dI/dV map the islands appear darker than the terrace. Areas
with bright and dark dI/dV (+0.20V) contrast can be distinguished on the terrace
and on the islands. Four dI/dV curves are shown in Fig. 6.9(b). These curves
are averages of the curves obtained within the boxes (about 10 pixels) which are
shown in the dI/dV map and are representative of the extremes in the dI/dV map
contrast. The labeling of these boxes corresponds to those of the dI/dV curves of
Fig. 6.9(b). The position of these boxes in the topographic image can only be
roughly estimated. The longer time needed for the STS measurement compared
to the atomically resolved image resulted in a larger distortion of the STS image.
Furthermore, the high tunneling resistance (Vs = −1V, I = 0.5 nA) used (and needed)
as setpoint during the I(V ) measurements degrades the resolution (see chapter 4 for
a discussion) which is another disadvantage for comparison of spectroscopic features
with topographic features. Therefore, the positions of the dI/dV map boxes in the
image of Fig. 6.8 can only be approximately determined and are indicated by the
black numbered circles in this image.
Curve 1 was measured on the bright dI/dV map area on the terrace (within box
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marked 1) and shows a strong peak at +0.20V. Comparison with the topographic
image shows that this dI/dV curve is measured on a small pure Fe(001) patch. This
area consists of only 5 Fe atoms along both the [100] and the [010] direction and shows
that such a small clusters of Fe atoms are already enough to reveal the electronic
structure of the Fe(001) surface (at least for the state measured with STS). Curve
2 shows a low dI/dV at +0.20V and a broad peak around +0.5V. Comparing Fig.
6.9(a) and Fig. 6.8 shows that this curve was approximately measured on areas
where clustering of place exchanged Au atoms can be observed. Curve 3 and 4 were
measured on bright and dark dI/dV map areas on the island, respectively. Curve
3 has a higher dI/dV around 0.20V and a lower peak energy compared to curve 4
(+0.55V compared to +0.70V). Comparison with Fig. 6.8 shows that curve 3 is
related with a high local Fe concentration, while curve 4 is related with a high local
Au concentration.
It should be stressed that the dI/dV curves shown in Fig. 6.9(b) are typical for the
four areas marked in Fig. 6.9(a) and Fig. 6.8. Although they illustrate the extremes
observed, the results of the STS measurements are much more complex than revealing
only four different types of dI/dV curves. This indicates strong local variations of
the electronic structure.
Although it was not possible to correlate locally obtained dI/dV curves with local
structures, comparison of the dI/dV curves shown in Fig. 6.9(b) with the corre-
sponding areas in Fig. 6.8 shows a clear trend: The higher the local Au concentration
is, the higher is the upward shift of the Fe(001) surface state. This seems to imply
that the incorporated Au atoms confine the Fe(001) surface state to small Fe(001)
patches. In this perspective, the Au atoms may play the same role as the Si atoms in
the experiments of Biedermann et al. [26].
6.3.4 Growth at 230◦C: homogeneous surface layer
In order to approach an equilibrium state between the islands and the terrace, 0.44ML
Au was deposited at a slightly higher temperature (230◦C). Figure 6.10(a) shows a
large scale STM image of this sample. The island density has further decreased to
1.2 × 1011 cm−2. It can be seen that some islands have overgrown the Fe steps.
The cross section along the white horizontal line is shown in Fig. 6.10(b). It shows
that the heights of the monoatomic Fe(001) steps and the mixed AuFe islands are
equivalent, i.e. 0.14 nm. However, the whole surface layer is mixed now and the
heights measured simply reflect the underlying Fe(001) steps instead of the interlayer
spacing of the Fe–Au surface alloy.
Figure 6.10(b) shows an STM image at a smaller scale. Protrusions (10–20pm
high) can be recognized on both the terrace and the island. The surface layer seems
to be homogeneous for these growth conditions. The close-packed directions of the
Fe(001) lattice are indicated. It can be seen that in some areas (like the one marked by
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Figure 6.10: (a) Large scale STM image of the Fe(001) surface covered with
0.44 ML Au at 230◦C (Vs = −1 V, I = 0.11 nA, 200×167 nm2). The step heights
in this image are all 0.14 nm. (b) Line profile along the white line in (a). (c) Small
scale STM image of the same sample (Vs = −0.07 V, I = 0.52 nA, 14.6×14.6 nm2).
A stepped grey scale has been used: the black-white range corresponds to 50 pm
on both island (marked I) and terrace (T). The island and terrace have the same
composition for this coverage and growth temperature. The close-packed direc-
tions of the Fe(001) lattice are indicated. The arrows marked 1 and 2 indicate
a local c(2 × 2) ordered area and a bright line parallel to the [010] direction,
respectively. (010326/20/17)
arrow 1) the protrusions locally order in a c(2×2) structure. Compared to deposition
of 0.35ML Au at 200◦C, the range of the ordering has certainly not increased. Nagl
et al. gave several explanations for the limited ordering found for the Pb/Cu(111)
system [23] which may also hold for the Au/Fe(001) system. First, at the temperature
where the structure is frozen during cool-down, entropy may prevent the formation of
ordered structures. Secondly, the mechanical distortion of the Fe substrate due to the
much larger embedded Au atoms may limit large ordered structures. Indeed, stress
can be relieved at the boundaries of small domains. Finally, there may be repulsive
adsorbate-adsorbate interactions due to electronic effects. None of these mechanisms
can be excluded for the Au/Fe(001) system.
Bright rows along close-packed directions can be observed as well as indicated by
the arrow marked 2. Since these can also be observed on the terrace, a strong surface
nearest-neighbor repulsion (as was shown to be the case in Tersoff’s calculations for
surface-confined alloying [20]) seems unlikely.
Figure 6.11 shows the results of an STS measurement performed on this sam-
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Figure 6.11: Typical dI/dV curves measured at the Fe(001) surface covered with
0.44 ML Au at 230◦C. The thick grey curve shows a peak around +0.55 V, while
the thick black curve shows a peak around +0.75 V. Tentatively, the higher peak
energy is related to a higher degree of confinement of the Fe(0010 surface state.
The same behavior is observed on both islands and terrace. The dotted black curve
is measured at an island step edge and shows that the surface state is not detected
here. The peak below the Fermi level is observed for all three curves at exactly the
same energy and disappeared after a tip change. Consequently, it is attributed to a
tip resonance. Setpoint during STS was Vs = −0.5 V and I = 0.5 nA. (010326/11)
ple. The Fe(001) surface state which was still observed after deposition of 0.35ML
at 200◦C is not detected on this sample. The same types of dI/dV curves are now
observed on both the islands and on the terrace which is in agreement with the equiv-
alent structures observed in the topographic images. Two extremes can be recognized
which are shown in Fig. 6.11 and represent the averages of about 10 curves obtained
on apparently equivalent areas (selected from dI/dV maps). Although a clear distinc-
tion could not be made, the bright topographic areas (cluster of Au atoms, however,
local geometry was impossible to extract) seem to give rise to the high energy peak at
+0.75V while the darker areas give rise to the peak at +0.55V. This is in correspon-
dence with the results obtained after growth at 200◦C and further corroborates the
conclusion that the incorporated Au atoms confine the Fe(001) surface state which
leads to an upward peak shift. The degree of confinement and consequently, the peak
energies strongly depend on the local geometry. Since large well-ordered c(2 × 2)
structures could not be observed for these preparation conditions, it is not possible
to draw any conclusions upon the electronic structure of the c(2× 2) areas. The neg-
ative bias voltage peak which is observed in Fig. 6.11 is detected at the same energy
irrespective of the surface position: It is also detected at step edges where the surface
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state is completely quenched. Furthermore, this sub-Fermi level peak disappeared
after a tip change. Therefore, this peak is attributed to the electronic structure of
the tip.
6.4 Growth of 1 ML Au on Fe(001) at high temper-
ature: dealloying
Topography
In section 6.3 it was shown that Au is intermixed into the Fe(001) terrace for growth
temperatures higher than 100◦C. Deposition of slightly less than 0.5ML Au around
230◦C leads to the formation of a completely homogeneous mixed surface as shown by
STM and STS measurements. In this section it will be shown how this homogeneous
surface layer evolves upon further deposition.
Figure 6.12(a) shows a topographic STM image of the Fe(001) surface covered with
0.96ML Au at a sample temperature of 225◦C. From STM images like Fig. 6.12(a), it
can be estimated that 0.15ML of the substrate layer is still uncovered, while 0.11ML
of the first deposited layer is covered with second layer islands. Therefore, it can
be concluded that at this temperature, the growth is not perfectly layer-by-layer, an
observation which was also reported by Van der Kraan [14]. The amount of deposited
Au can be estimated from these numbers to be 0.96ML.
An atomically resolved STM image is shown in Fig. 6.12(b). In addition to the
p(1 × 1) lattice, asymmetric bright features (marked A; 20pm high) and spherical
depressions (marked B; 80pm deep) are visible. The latter ones have a much lower
concentration (1.5% and 0.3% on level 0 and 1, respectively) and are visible under
various tip conditions. Consequently, they are ascribed to impurities. On the contrary,
the appearance of the asymmetric features strongly depends on the tip conditions 11.
These features are attributed to intermixed Fe atoms. Their concentration is 6% (2%)
on level 0 and 1 (2). Therefore, adding 0.52ML Au to the mixed surface layer shown
in Fig. 6.10(c) which contained ∼50% Fe results in a surface layer which contains
only 6% Fe. Apparently, the Fe concentration in the substrate layer decreased.
The inset of Fig. 6.12(b) shows the boxed area at a larger magnification. The
depressions are spherical and are clearly centered at four-fold hollow sites. Since
impurities like O and C are known to occupy these sites (see e.g. [27]), this shows
that the Au(001) lattice is imaged with normal corrugation, i.e. the bright spots of
the p(1 × 1) lattice are the Au atoms. However, the location of the bright features
is less clear. They comprise two unit cells depressions separated by a protrusion at a
bridge site. The strange appearance of the bright features must be related with the
11Atomic resolution is obtained at a relatively high tunneling resistance, i.e. 2 GΩ compared to
resistances of less than 1 MΩ which are usually needed to resolve atoms on metal surfaces. This is
another indication for a nontrivial imaging condition leading to the chemical contrast.
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Figure 6.12: (a) STM image of 0.96 ML Au deposited on Fe(001) at 230◦C
(100 × 100nm2, Vs = 1.0 V, I = 0.07 nA). The growth mode is not perfectly
layer-by-layer at this temperature: 0.15 ML of the original substrate (marked 0)
is still uncovered, while already 0.11 ML of the first deposited layer (marked 1)
is covered by islands (marked 2). All step heights in this image are 0.14 nm. (b)
Higher resolution image of the same sample as (a). (20 × 20nm2, Vs = −0.58 V,
I = 0.25 nA). A stepped grey scale has been used (numbers in image refer to level).
On the p(1× 1) lattice, asymmetric protrusions (e.g. marked A) and circular de-
pressions (e.g. marked B) are observed which are ascribed to intermixed Fe atoms
and contaminants, respectively. The inset shows the boxed area. The depression
is centered at a four-fold hollow site, while the asymmetric feature comprises two
unit cells depressions separated by a protrusion at a bridge site. These (highly
tip dependent) appearances of the Fe atoms are ascribed to nontrivial tip-sample
interactions leading to chemical contrast. (010328/2/17)
special tip configuration leading to chemical contrast (see also chapter 5 for examples
of this effect).
To clarify the observations a simple model is sketched in Fig. 6.13. For simplicity,
it is assumed that the surface alloy saturates at exactly 0.5ML Au [Fig. 6.13(a)]
although this is unlikely considering the fact that no long-range c(2×2) order could be
observed. The morphology after deposition of an additional 0.46ML is shown in Fig.
6.13(b). According to the experimental results, 0.15ML of the substrate is uncovered
at this stage, while 0.11ML of the first layer is covered by islands. Therefore, 0.35ML
of the additionally deposited Au covered the alloyed substrate layer. The AuFe alloy
is assumed to be surface confined and covering it with Au causes it to demix and to
form a pure Fe layer. The Au segregation is probably driven by the large difference in
surface energy between Au and Fe and is also reported for studies on Fe/Au(001), see
e.g. [10]. The Fe concentration in the Fe-depleted surface alloy can be calculated if
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Figure 6.13: Schematic model for the alloying-dealloying mechanism leading to
interface roughness. (a) Deposition of 0.5 ML Au at 230◦C leads to a homogeneous
surface alloy. (b) Areas of the alloy which are covered by the second (pure) Au
layer become pure Fe. This Fe is taken out of the alloyed layer which therefore
becomes Fe-depleted. I, II, and III refer to the explanation in the text. (c) At
deposition of ∼1 ML all Fe has diffused out of the alloy which has now become a
pure Au layer. Since growth of the second Au layer has started before completing
the first one, a rough interface is created. (d) Situation after 3.5 ML Au deposition.
Fe, Au, and reconstructed Au layers are 0.14, 0.20, and 0.26 nm high, respectively.
The reconstructed Au layer contains 20% more Au atoms than the unreconstructed
Au layers [28]. The rough interface, the different interlayer spacings of Fe and Au,
and the surface reconstruction for Au films thicker than three layers can explain
all the levels (numbered) observed in Fig. 6.15(b).
it is realized that 0.46ML Fe is needed to fill the Au-covered areas denoted I, II, and
III in Fig. 6.13(b). If the Fe in level 2 is neglected (only 0.02× 0.11 = 0.002ML), the
Fe concentration in the uncovered alloyed layer reduces to (0.5-0.46)/(1-0.11)×100%
= 4.5% which is in good agreement with the experimental results considering the
uncertainties in the experimentally obtained concentrations and coverages (which are
estimated to be ±1%).
Coverage of more Au will completely deplete the alloy from Fe: at a coverage
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of ∼1ML 12 the alloy becomes a pure Au layer and Au islands embedded in the
original Fe(001) substrate and Fe islands covering the substrate have been created
[Fig. 6.13(c)]. The model shows that this roughened interface is purely a result of
the imperfect layer-by-layer growth which in turn may be a result of the alloying. If
at a deposition of 1 ML the first adlayer had been fully completed without second
layer islands, after demixing the first monolayer would be a perfectly flat Au layer.
Apparently, the second layer Au islands trap the Fe atoms underneath preventing
them from filling the substrate voids.
Spectroscopy
In order to study the electronic structure of the ∼1ML Au covered Fe(001) whisker,
STS measurements were performed. Figure 6.14(a) shows the topographic image
obtained at the setpoint of spectroscopy. An I(V ) was measured at each pixel and
the corresponding dI/dV map at Vs = +0.67V is shown in Fig. 6.14(b). At this
particular voltage the highest contrast in the dI/dV map is obtained. Bright spots
on the terrace are observed. Their concentration is comparable to the bright features
in the topographic image of Fig. 6.12(b). Therefore, these bright dI/dV spots are
assumed to be caused by the intermixed Fe atoms. The dI/dV map also shows that
the step edges appear bright.
Figure 6.12(c) shows averaged dI/dV curves (averages of typically 10 curves) which
are representative of the various features in the dI/dV map. Curve 1 is measured on
the p(1× 1) Au(001) areas. Curve 2 is measured on the bright features in the dI/dV
map which were identified as intermixed Fe atoms. Curve 3 is measured on the step
edges. The three curves look quite similar except for dI/dV > 0V which explains
the high contrast in the dI/dV map for large positive sample voltages. Furthermore,
a shoulder is present between −0.5V and the Fermi level. This shoulder is most
pronounced for the curve measured on the Au layer. To resolve the state giving rise
to this shoulder more clearly, the dI/dV curves are normalized by I/V . Figure 6.14(d)
shows that this shoulder appears as a peak at −0.25V in (dI/dV )/(I/V ). Although
the peak is strongest at the Au layer, also weak peaks can be seen in curve 2 and 3.
Since this peak was observed for different tip conditions, a tip state can be excluded.
The appearance of the peak on the Fe atoms and steps may then simply be related
to the low resolution during STS: if the tip is above the Fe atom also states from the
surrounding Au contribute to the tunneling current. Therefore, it is concluded that
the state at −0.25 eV is characteristic for the Au monolayer on Fe(001). Although
less pronounced, this state was also observed on the small (≈5nm) Au islands grown
at 100◦C (see section 6.3.1), and even for two neighboring embedded Au atoms along
the close-packed direction (see section 6.3.2). The weaker appearance in these cases
might be related to the scattering of free-electron-like (s, p-like) states at e.g. steps
12The exact coverage depends on the details of the processes involved.
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Figure 6.14: (a) STM image of the Fe(001) surface covered with 0.96 ML Au
at 230◦C (15 × 15nm2, Vs = −0.53 V, I = 0.50 nA). Islands and the Fe-induced
features (although weakly) are visible. An I(V ) curve was measured at every
pixel of this figure (75 × 75). The dI/dV map at Vs = +0.67 V is shown in (b).
Averaged dI/dV curves (typically 10) which are representative of the different
features of (b) are shown in (c). Arrows and numbers refer to: (1) terrace, (2)
bright spots in dI/dV map, and (3) bright step edges in dI/dV map. (d) shows
the dI/dV curves of (c) normalized by I/V . (010328/14)
which are known to broaden and quench these kind of surface states (see e.g. Ref.
[29] and Refs. therein).
If the dI/dV curves of Fig. 6.14(c) are normalized by fits to the backgrounds (see
section 4.2.1), peaks become visible around −0.25 eV and ≈ +0.40 eV. The first peak
is strongest on the Au layer, while the second peak seems of equal amplitude for all
three curves after normalization. This implies that the dI/dV contrast at positive
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voltages is a result of different tip-sample distances at the STS setpoint: due to the
Au-related sub-Fermi level peak, the tip retracts at Au areas for setpoints at negative
bias voltages which leads to lower dI/dV signals at positive bias voltages. The origin
of the +0.4 eV peak is not clear.
6.5 Thick Au films
Topography
In order to see how the growth of Au on Fe(001) continues, a nominally 3.5ML thick
Au film was deposited at 230◦C. This coverage regime was already studied by Van
der Kraan [14]. The coverage of 3.5ML Au is verified by the almost equal Auger
peak-to-peak ratios for this work and Ref. [14]: Au(69 eV)/Fe(703 eV) = 0.95. In
contrast to growth at lower temperatures for which perfect layer-by-layer growth was
found [14], Fig. 6.15(a) shows that a rough surface is obtained for growth at 230◦C.
Although various levels can be observed, remarkably all step heights are less than the
Au interlayer spacing (0.20 nm). The observation of the characteristic modulation
of the quasi-hexagonal reconstruction on parts of the surface [Fig. 6.15(b)] implies
that these areas are covered by at least 4ML Au [12]. This reconstruction appears as
ridges weakly meandering along the close-packed lattice directions with a periodicity
of 1.4 nm (i.e. (5 × n), see e.g. [28]) and a corrugation of 0.04nm. The line profile
of Fig. 6.15(c) shows that relative to the lowest unreconstructed level in Fig. 6.15(b)
[marked 1] the reconstructed islands (2) are 0.12 nm high (h12 measured to top of
reconstruction), while the unreconstructed islands (3) are 0.14 nm high (h13). The
reconstructed layer (4) is 0.12nm high compared to level 3 (h34). The height of the
ridges (5) on the reconstructed layer (4) is only 0.06nm relative to level 4 (h45).
Finally, small features (6) which are 0.06nm high relative to level 3 are observed
(h36). Although the corrugation of the reconstruction and consequently h12 and h34
depend on the tunneling conditions (see below), such a dependence was not found for
h13, h45 and h36.
The reconstructed ridges (5) are connected to the reconstructed islands on the
lower terrace (2) forming ring-like patterns as can be seen in Fig. 6.15(a) [e.g. in
areas within black circles]. Therefore, it seems likely that these features with heights
smaller than the Fe(001) interlayer distance have the same origin. Comparison of Fig.
6.15(a) with Fig. 6.12(a) shows that the ring-like patterns resemble the shape of the
uncovered substrate patches. Following the model depicted in Fig. 6.13 describing
the results for the submonolayer growth, these patches will turn into Au islands
embedded in the Fe substrate upon further deposition. The situation after deposition
of 3.5ML has been sketched in Fig. 6.13(d). The interface roughness and the surface
reconstruction for Au films thicker than 3 layers can perfectly explain the observed
levels. Level 1 consists of three Au layers on top of the original Fe(001) surface. Level
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Figure 6.15: STM images of the Fe(001) surface covered with 3.5 ML Au at
230◦C. (a) Large scale image (100×100 nm2, Vs = −1.0 V, I = 0.05 nA). The
surface is rough and partially reconstructed. The circular shapes (see e.g. two
arrows) of the reconstructed layer are obvious. The dotted white arrow indicates
the lowest level (marked 0; h01 = 0.14 nm). (b) Small scale image (50×50 nm2,
Vs = 1.0 V, I = 0.07 nA). On the lowest unreconstructed level (marked 1), re-
constructed (2) and unreconstructed (3) islands are visible. On the reconstructed
layer (4), ridges (5) are visible. Small unreconstructed patches (6) which are con-
nected to the reconstructed layer can be observed on level 3. The black circles
in (a) show that the ridges are connected to reconstructed patches on the lower
terrace. (c) Line profile along the white dotted line in (b). The different height
levels indicated in (a), (b) and (c) can be explained by the interface roughness
model of Fig. 6.13. (010327/3/8)
2 and 5 [and level 0 in Fig. 6.15(a)] arise from Au islands embedded in the substrate
layer (four and five [three] Au layers high, respectively). Level 3 can be explained
by a buried Fe island covered by three Au layers. Level 4 consists of four Au layers
(top one reconstructed) on top of the original substrate. Finally, level 6 might be
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explained by assuming that very small patches of four layer thick Au films are not
reconstructed.
From Fig. 6.13(d) it is clear that h25 is the Au step height (0.14+0.06 = 0.20nm),
while h14 is the height of the reconstructed Au layer (0.12+0.14 = 0.26nm). The latter
depends on the tunneling conditions (see next paragraph) which can be explained by
electronic effects [9]. However, the height differences between unreconstructed layers
(i.e. h13 and h36) and two reconstructed layers (i.e. h45) do not depend on tunneling
conditions which justifies an interpretation of these heights differences as geometrical
ones caused by interface roughness.
The 0.06nm height difference between reconstructed and unreconstructed Au lev-
els was also observed by Hernan et al. and was explained by electronic effects [9].
It was shown by I(z) measurements that at the unreconstructed Au areas, the tip
has to move 0.06 nm closer to the surface in order to maintain the same tunneling
current. This was explained by a contribution of bulk sp bands near the edge of the
Brillouin zone for the unreconstructed Au. At the “hex” reconstruction, these states
are backfolded to almost k‖ = 0 which decreases their decay into the vacuum and
obliges the tip to retract from to the surface in order to keep the tunneling current
constant. In the present measurements, the height of the reconstructed layer (0.26 nm)
and the corrugation of the reconstruction (0.04 nm) were found to be the same for
bias voltages of −1V (0.05 nA) and +1V (0.07 nA). However, for measurements at
Vs = −0.5V (and I = 0.5 nA) a corrugation of 0.01nm was found. Consequently, the
height of the reconstructed layer (which was defined to the top of the reconstruction
and therefore includes the corrugation) is also reduced to 0.23nm and all interlayer
distances between unreconstructed and reconstructed levels (i.e. h12 and h34) are
reduced by 0.03 nm.
In the atomically resolved STM image of Fig. 6.16 both the “hex” reconstruc-
tion and unreconstructed p(1× 1) areas can be observed (the right side of the image
shows an unreconstructed “level 3” island) 13. The corrugation of the p(1 × 1) lat-
tice is 0.05nm, while for the “hex” reconstruction the corrugation varies smoothly
(e.g. along the thin black lines in the unit cell) between 0 and 0.05 nm. Since both
structures are visible in the same image, the periodicity of the reconstruction can be
determined very accurately as in Ref. [28]. Comparison of the sizes of the unit cell
of the “hex” reconstruction which is indicated by the white dotted rectangle with the
unreconstructed lattice (see thick black lines) shows that the reconstruction can be
identified as (5× 23). It can be seen that in the long (short) direction 24 (6) atoms
are packed (thin black lines in Fig. 6.16 guide the eye). The reconstruction therefore
has a 24×6/23×5 = 25% higher density (note that the (111) plane only has a 15%
(= 2/
√
3) higher density compared to a (001) plane).
The most accepted model for the reconstruction assumes that the topmost atoms
are ordered in an incommensurate, slightly rotated, hexagonal closely packed layer on
13Note that this figure is imaged under a scan angle which is 45◦ rotated compared to Fig. 6.15.
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Figure 6.16: Atomically resolved STM image of a part of the Fe(001) surface cov-
ered with 3.5 ML Au at 230◦C displaying both reconstructed and unreconstructed
areas (15×7.3 nm2, Vs = −2 mV, I = 1.3 nA). The white rectangle indicates the
unit cell of the “hex” reconstruction. Comparison of the long and short axis of
this unit cell with the unreconstructed p(1 × 1) unit cell axis shows that the re-
constructed unit cell corresponds to (5 × 23). The thin black lines show how the
atomic lines in this reconstruction change from bright to dark and vice versa which
is a result of the unfavorable stacking of the quasi hexagonal lattice on top of the
square lattice. Along the short direction of the reconstructed unit cell 6 atomic
lines cover 5 unreconstructed atomic lines. Along the long direction 24 atoms are
found to cover 23 unreconstructed lattice sites. (010327/22)
top of the square net of the bulk terminated fcc(001) surface. The rotation determines
the exact unit cell which therefore explains why the “hex” reconstruction has been
defined as (5×n) with n between 17–28 [9]. The packing of six atoms in the hexagonal
layer on top of five atoms in the underlying square lattice results in a Moire´-like
pattern. Atoms of the surface layer are gradually shifted from atop sites to two-fold
bridge sites and back corresponding to appearing bright and dark in the STM images.
Fiorentini et al. [30] proposed that the driving mechanism for this reconstruction is
the large tensile stress of the unreconstructed surface. The energy gain associated with
the increase in atomic density at the surface by reconstructing is only large enough
to counterbalance the mismatch energy loss due to the unfavorable stacking of the
hexagonal layer on top of the square layer for the 5d elements Ir, Pt, and Au. This is
due to the fact that the surfaces of these metals are subject to twice as large a tensile
stress as those of the isovalent 4d metals Rh, Pd, and Ag. Therefore, they gain much
more energy upon close packing. This large tensile stress is the result of relativistic
effects which lower the energy of the sp bands for Ir, Pt, and Au. Consequently, the
role of the sp electrons in the bonding is reduced and at the same time an enhancement
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Figure 6.17: STS measurement on 3.5 ML (nominal) thick Au films. Setpoint:
Vs = −0.54 V, I = 0.51 nA. (a) dI/dV curves measured on: (1) the unrecon-
structed level 1, (2) the unreconstructed islands (level 3), (3) the reconstructed
level 4, and (4) the reconstructed ridges (level 5). The levels refer to the levels in
Fig. 6.15(b) and (c) and Fig. 6.13. The curves are averages of typical 100 curves.
(b) shows the normalized (dI/dV )/(I/V ) curves. (010327/11)
of the d bonding occurs 14. This bond becomes even stronger at the surface of
the 5d metals since further reduction of the number of d electrons occurs here [30].
However, a recent study by Hebenstreit et al. on PtxNi1−x(100) showing shifted
rows and pseudo-hexagonal reconstructions depending on the Pt concentration lead
to a different conclusion [31]. Since both reconstructions did not lead to a significant
reduction of bond lengths tensile stress was not believed to be the main reason for
the reconstruction. Instead, it was proposed that the reconstructions are caused by
the tendency of low coordinated surface atoms to increase their coordination number
and by a strong tendency towards a hexagonal first layer.
Spectroscopy
To check for a possible difference in electronic structure on the reconstructed and unre-
constructed Au layers, STS measurements were performed on the 3.5ML Au/Fe(001)
sample. Averaged dI/dV curves which are obtained on four different surface areas
are shown in Fig. 6.17(a). The corresponding normalized (dI/dV )/(I/V ) curves are
shown in Fig. 6.17(b). Curve 1 and 2 which are measured on the unreconstructed
areas (“terrace” level 1 and the unreconstructed level 3 islands, respectively) are
14Since the occupation of sp states increases, antibonding d states are emptied.
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equal. They both show a dip in dI/dV just below the Fermi level (−0.03V). In
(dI/dV )/(I/V ) a peak appears at about −0.25V for these curves. The energy of
this (dI/dV )/(I/V ) peak corresponds to the peak observed on the 1 ML Au covered
Fe(001) surface (Fig. 6.14) which therefore might be indicative for pure Au overlayers
on Fe(001). The curves measured on the reconstructed levels show a higher dI/dV
signal for low voltages (−1V < Vs < −0.5V) compared to the unreconstructed ar-
eas. Curve 4 which was measured on the ridges even shows a peak around −0.7V
15. Furthermore, at the fourth Au layer reconstruction [e.g. level 2 and 4 in Fig.
6.15(b)] a kink is observed around +0.7V which is absent on the ridges (level 5).
Another remarkable feature, which is seen in all dI/dV curves is the dip at the Fermi
level (about −0.03V). Figure 6.17(b) shows that the dI/dV kink observed on the
fourth reconstructed Au layer (curve 3) now appears as a peak around +0.7V. In
the normalized curves, this peak can also be observed at the ridges. The dip at the
Fermi level, which is observed on all features, is now even more pronounced (about
−0.02V).
The Fermi level dip which is observed on all surface features (and is also observed
at lower Au coverages, see e.g. Fig. 6.14) might be related to the interaction of
Au overlayer electronic states with the Fe(001) surface state. A possible explanation
might be found in the physics leading to Fano resonances. Fano resonances are known
to occur generally when a spectroscopic measurement is performed on a discrete
state in resonance with a continuum [32]. For the Au–Fe interface, it may be that
the Fe(001) surface state with localized dz2 symmetry becomes hybridized with a
delocalized sp-like continuum of states. The STM tip only probes the Au continuum
states which makes the asymmetry parameter q for the Fano line shape zero and
results in a dip in the experimental spectrum. This explanation is, however, rather
speculative, and true ab-initio calculations are needed to give a thorough explanation
for the dip and the other features observed in the dI/dV and (dI/dV )/(I/V ) curves.
Quantum well states are expected to occur in the Au film as well [33, 34] but STS
studies on a larger set of coverages are needed to allow for an interpretation of the
observed peaks in these terms.
Note that the spectra of Fig. 6.17(b) reveal that (dI/dV )/(I/V ) is higher for
the reconstructed areas compared to the unreconstructed areas for Vs < −0.5V and
15It is tempting to ascribe the dI/dV features below the Fermi level to the sp states discussed by
Hernan [9] which are responsible for the 0.06 nm tip retraction at the reconstructed areas. Hernan
et al. presented dI/dV measurements on reconstructed and unreconstructed Au islands [9]. In
their study, Fe was deposited at Au(001) and the unreconstructed Au islands were believed to cover
monolayer high embedded Fe islands. A strong peak around −0.8 V was detected in dI/dV on both
the reconstructed and unreconstructed areas: however, on the unreconstructed areas this peak was
much stronger due to a closer tip-sample distance. Although their voltage setpoint (i.e. −0.36 V)
was comparable to ours (−0.54 V), the opposite behavior is observed in the dI/dV curves of Fig.
6.17(a): stronger dI/dV for Vs < −0.5 V on the reconstructed areas compared to the unreconstructed
areas. However, the electronic structure of the system Au/Fe/Au(001) might be different compared
to 3 ML Au/Fe(001).
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0V < Vs < 1 V which may qualitatively explain the higher apparent height of the
reconstructed Au layers at these voltages. The higher density of states will result in
a tip-retraction to maintain the tunneling current constant.
6.6 Summary and conclusions
STM and STS studies on the growth of thin Au films (0.2ML to 3.5ML) on Fe(001)
whiskers at elevated temperatures have been presented. It was shown that for depo-
sition of less than 0.5ML Au at temperatures higher than 100◦C Au atoms exchange
place with substrate Fe atoms. The number of place exchanged Au atoms increased
with growth temperature. Nevertheless, the Au atoms were shown to stay in the
surface layer even for growth at 230◦C. Growth at this temperature resulted in a
homogeneous mixed surface layer. Although locally ordered in a c(2 × 2) structure,
long range order within this alloyed layer was not obtained for the growth conditions
studied.
The AuFe alloy was shown to be confined to the surface layer and consequently
demixing has been observed for deposition of more than 0.5ML Au. The growth mode
at 230◦C is certainly not perfectly layer-by-layer which means that the second layer
starts to grow before the first one is completed. These characteristics (i.e. demixing of
alloy and imperfect layer-by-layer growth) were shown to result in a rough interface
which comprises Au islands embedded in the original Fe(001) substrate layer and
Fe islands on top of this layer. Because of the large difference in interlayer spacing
between Fe(001) and Au(001), this roughened interface could still be observed in STM
after deposition of thick Au films. These results imply that the quality of the interface
and film can be controlled by varying e.g. the sample temperature during the various
stages of the growth. An interesting issue for example is whether demixing occurs or
is kinetically hindered if after deposition of 0.5ML Au the growth will be continued
at a lower temperature. Growth at 100◦C was shown to lead to perfect layer-by-layer
growth but growth on an alloyed film might be different from growth on a pure Au
or Fe layer. Especially for e.g. experiments on interlayer exchange-coupling strengths
this control of the interface might be of utmost importance since it was recently shown
that there still exists a large gap between experimental and theoretical results [12, 13].
STS measurements showed that the Fe(001) surface state is completely quenched
at pure monolayer thick Au films deposited at 100◦C. Occasionally, the high energy
dI/dV background on these islands was found to switch to an almost five times higher
value or vice versa. Apparently, the electronic structure of some of these Au islands
changes. Possible explanations for these effects (although very speculative) could
be for example adsorption/desorption of impurities, place exchange of Au with Fe,
diffusion driven redistribution of the island atoms (size effect).
For growth at 135◦C the surface state was found to shift to a higher energy
when the embedded Au atom was surrounded by more Au surface (next) nearest
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neighbors. The spectra measured on Au atoms were found to give rise to higher
(dI/dV )/(I/V ) values for Vs < 0V. The Fe(001) surface state could still be observed
at +0.17V on terrace Fe areas as small as five by five Fe atoms for deposition of
0.35ML at 200◦C. On this sample, peak shifts up to +0.70V could be observed on
the islands. dI/dV peak energies between +0.55V and +0.75V were observed on both
terrace and islands showing the homogeneity of the surface layer after deposition of
0.44ML Au at 230◦C. Although it was impossible to relate electronic structures and
local geometries exactly, it was concluded that the high energy peak corresponds to
areas where Au atoms have clustered and the low energy peak to Au-free areas. This
seems to imply that the Au atoms simply confine the Fe(001) surface state and that
the magnitude of the upward peak shift is related to the degree of confinement.
Thicker Au films were shown to lead to structure in dI/dV and (dI/dV )/(I/V )
curves as well. Most remarkably, all dI/dV measurements on Au covered Fe(001)
show a dip close to the Fermi level. Unreconstructed Au overlayers are characterized
by a peak around −0.25V in the (dI/dV )/(I/V ) curves. Ab-initio band structure
calculations are needed for a clear physical interpretation of the present STS results.
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Chapter 7
Scanning Tunneling
Spectroscopy Study on
V(001)
STS measurements on clean V(001), carbon-covered V(001) and the oxygen-induced
V(001) (1× 5) reconstruction are reported. The clean V(001) surface shows a strong
surface state 0.03 eV below the Fermi level. Isolated carbon impurities shift the sur-
face state 0.05 eV upwards in energy and broaden the peak observed in dI/dV . No
significant influence of monoatomic steps on the surface state could be observed. For
tunneling resistances down to about 1MΩ the surface state is unaffected by the tip of
the STM. A surface state is detected around +0.75 eV in small c(2×2) patches which
are observed at higher carbon (and oxygen) coverages. The oxygen induced (1 × 5)
reconstruction of V(001) shows a peak at similar energy (+0.63 eV) in the areas with
O and C atoms in four-fold hollow sites and a peak around +0.91 eV above the rows
of bridge site oxygen. Ab initio band structure calculations confirm the existence of
a surface state of dz2 symmetry with an energy close to that observed experimentally
on clean V(001). This agreement provides strong evidence that the V(001) surface is
not magnetic (at least at room temperature) as predicted by the calculations. We also
compare the experimentally observed peak shifts on the carbon and oxygen covered
surfaces with calculational results for carbon-covered geometries.
7.1 Introduction
Many bcc(001) surfaces of the transition metals are known to have strong localized
surface states of 3dz2 symmetry around the Fermi level (see chapter 1). Since these
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surface states make a large contribution to the LDOS at and above the surface, they
may have a considerable influence on surface physics and chemistry [1]. With STS,
these states are relatively easy to detect as their energies are close to the Fermi
level and their position in k-space is near the center of the surface Brillouin zone Γ¯
[2]. Recently, localized surface states have been observed as sharp features in dI/dV
spectra on Fe(001) [3, 4] and Cr(001) [3, 5, 6]. These features could be used as
chemical fingerprints to distinguish between Cr and Fe atoms on both Cr/Fe(001) [5]
and Fe/Cr(001) [7] surface alloys.
Vanadium is an interesting material for a couple of reasons. It is able to solve
enormous amounts of hydrogen in the bulk [8, 9] and may therefore be an interesting
material for hydrogen storage technology. It is also an interesting model system for
the design of inverse “strong metal-support interaction” (SMSI) catalysts consisting
of metal-oxide islands (e.g. vanadium-oxide) supported by a transition metal base
(e.g. palladium, platinum, rhodium) [10].
Although bulk vanadium is paramagnetic, theoretical works are still conflicting
regarding a possible non-vanishing magnetic moment on the V(001) surface ([11–14]
and Refs. therein). Recent studies report either relatively large magnetic moments
[11, 13, 14] or vanishing magnetic moments on the V(001) surface [12]. The results
seem to be very dependent on what approximation for the exchange-correlation in-
teraction is used, whether theoretical or experimental lattice parameters are used,
whether relaxed or unrelaxed geometries are used, whether an all-electron or a pseu-
dopotential approach is followed, and even the k-point sampling seems to be very
critical for this system. Therefore, it was argued that the magnetism of V(001) is
very delicate [12] and may still exist at e.g. steps.
Experimental work on clean V(001) was hindered a long time by the extreme diffi-
culties in cleaning of the surface [15–17]. Yet, Rau et al. found a spin-polarization of
34% at room temperature for this surface using electron-capture spectroscopy (ECS)
[18]. In contrast, Beckmann et al. concluded that their results for the magnetoresis-
tance measurements and the anomalous Hall effect do not support a magnetic surface
on vanadium [19]. Unlike the V(001) surface, strong experimental and theoretical
evidence exists for a magnetic moment of vanadium when deposited on e.g. Fe(001)
([20, 21] and Refs. therein). From this point of view, it should be realized that V
adatoms (like all 3d and 4d elements) on Fe(001) are predicted to form surface al-
loys [22] and give rise to characteristic surface states which can be used for chemical
identification in STM [23].
Knowledge of the electronic structure of the clean and contaminated V(001) sur-
face is essential for a thorough understanding of the above mentioned topics (i.e. gas
adsorption, catalysis, magnetism, chemical identification in STM). Recent angular re-
solved photoelectron spectroscopy (ARUPS) measurements by Pervan et al. reported
a peak around the Fermi level which has largest intensity at the center of the surface
Brillouin zone (Γ¯) and disperses away from the Fermi level with increasing polar angle
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[24–26]. Because this peak was very sensitive to surface disorder or contamination
it was concluded that the peak is due to emission from a surface state. Momentum
(k) resolved inverse photoemission spectroscopy (KRIPS) measurements by the same
group did not reveal any surface resonances [26], while states of two-dimensional (sur-
face state) character were reported by Ollonqvist et al. [27] at 0.4, 1.4, and 2.1 eV
above the Fermi level using this technique.
In this chapter, we report on an STS study of the clean V(001) surface, slightly
contaminated V(001) and the oxygen-induced (1× 5) reconstructed V(001) surface.
The influence of a monoatomic step is studied. A possible modification of the surface
electronic structure due to the presence of the STM tip is examined. Our results are
compared to band structure calculations which have been performed for clean and
carbon covered slabs. As the calculated geometries are only simplified models of the
real experimentally studied geometries, the observed trends will be discussed in a
qualitative way.
7.2 Experimental
The experiments reported in this chapter were performed at the Institut fu¨r Allge-
meine Physik of the Technische Universita¨t Wien in the room-temperature ultra-high
vacuum system ([28] and Refs. therein).
The preparation of a clean V(001) surface is a difficult and lengthy process [8,
9, 15–17, 29, 30] 1. Briefly, the first stage consisted of sputtering (2 keV Ar+) at
elevated temperatures (∼850–950◦C) to remove sulphur. The second stage consisted
of more than 1500hours of sputtering while the sample temperature was ramped up
and down in the temperature range in which carbon and oxygen impurities preferen-
tially segregate to the surface (typically 350◦C and 600◦C, respectively as obtained
by Auger electron spectroscopy (AES) measurements as a function of sample temper-
ature). Since the oxygen AES signal O(KLL) at 512 eV is too close to the vanadium
signal V(LMM) at 509 eV, the oxygen signal at 492 eV was monitored instead. In
the later stage of the cleaning process, AES showed no contamination on heating the
sample up to 900◦C. For the STM measurements, the sample was post-annealed at
650◦C after the sputter-annealing cycles which resulted in an atomically flat surface
(typical terrace widths of ∼100nm). However, on cooling down to room tempera-
ture, the Auger-peak-to-peak-height (APPH) ratio for C(272 eV)/V(473 eV) started
to rise near 500◦C. In order to minimize the segregation of carbon during the cool-
ing process, the sample was cooled quickly to room temperature by bringing the
molybdenum sample holder plate into contact with a copper block. Before and after
STM measurements, the contamination of the sample was checked with AES. The
1Growth of 100 nm thick vanadium layers at high rates (0.2 nm/s.) and high temperature (800◦C)
on properly degassed MgO(001) substrates was also shown to give clean (oxygen signal below detec-
tion limit of Auger and (1× 1) pattern in RHEED) V(001) surfaces [31].
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APPH ratios are converted into real monolayer coverages by using earlier reported
calibrations. It was found that 1 ML carbon corresponds to C(272 eV)/V(473 eV) =
0.16 [8, 9], while 1 ML oxygen corresponds to O(492 eV)/V(473 eV) = 0.045 [30]. Of
course, local carbon and oxygen contamination can also be inferred from atomically
resolved STM images, since these electronegative atoms appear as depressed four-fold
hollow sites [8, 30, 32]. The STM data indicate that the AES calibration used slightly
overestimates the amount of impurities, however.
STM and STS measurements were performed using a commercial room-temperature
STM (Omicron µ-STM) with additional damping [33]. The electrochemically etched
W-tips used were cleaned in vacuo by Ar ion sputtering and voltage pulses (up to
10V) during tunneling. STS measurements were performed by recording an I(V )
curve at each pixel. To avoid problems with thermal drift during the open feedback
conditions of STS at room temperature, the measurement of one I(V ) curve was done
as quickly as possible (typically 50 voltage steps of ∼30mV with acquisition and de-
lay times of 470 and 150µs, respectively, per step). Numerical dI/dV curves were
calculated using 5 point differentiation.
7.3 Results and discussion
7.3.1 V(001) contaminated with segregated impurities: low
coverage regime
Figure 7.1 shows an atomically resolved STM image of the V(001) surface covered
with ∼0.11ML of segregated C atoms. At the STM setpoints used (tunneling current
I = 4nA and sample bias Vs = +0.7mV) the C atoms are imaged as slightly more
depressed four-fold hollow sites (arrows in Fig. 7.1) in dark areas on a well resolved
vanadium p(1× 1) substrate. From the inset of this figure it is seen that the atomic
corrugation along the [110] direction is ∼10pm, while the depth of the depressed areas
is ∼20–30pm.
Figure 7.2 shows STS measurements performed on V(001) contaminated with
small amounts of segregated C. AES shows an C/V APPH ratio of 0.7% which cor-
responds to 0.05ML. The oxygen signal is below the detection limit (∼0.1ML). In
the constant current image of Fig. 7.2(a), the areas covered with C (and possibly
some O) impurities can be observed as 20–40pm depressed areas. dI/dV curves were
measured at each pixel simultaneously with this constant current image. A clear
difference is observed between dI/dV spectra measured on dark (contaminated) and
bright (clean) areas in Fig. 7.2(a). Figure 7.2(d) shows two of these dI/dV curves.
Curve 1 is measured on a bright area of Fig. 7.2(a) which is indicated by the arrow
marked 1 and shows a strong and sharp peak 0.03 eV below the Fermi level. Curve 2
is measured on a dark area of Fig. 7.2(a) (arrow 2). This curve shows a higher peak
energy, lower amplitude and larger full width at half maximum compared to curve 1.
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Figure 7.1: Atomically resolved STM image of the V(001) surface covered with
∼0.11 ML carbon (Vs = +0.7 mV, I = 4 nA, 10×10 nm2). The contrast has been
enhanced for better visibility of the atomic corrugation. The inset shows the
corrugation along the black line ([110] direction). The arrows indicate the most
depressed four-fold hollow sites. (v100/1982)
Moreover, curve 2 has a higher dI/dV at the high energy side of the Fermi level peak.
To determine the properties of the electronic state, we have fitted each dI/dV
curve between −0.2V and +0.2V to a Gaussian function with a background. Due to
the additional structure in dI/dV at higher energies, it was not possible to obtain the
background as an independent fitting parameter. Instead, a fixed value of 0.8 nA/V
was used for this background. The peak energies and widths resulting from this fitting
routine are shown in Fig. 7.2(b) and Fig. 7.2(c). Comparing Fig. 7.2(a) with Fig.
7.2(b) and Fig. 7.2(c) shows that both the peak energy image and the peak width
image are anti-correlated with the constant current image: at the clean V(001) areas
the lowest peak energy and smallest peak width are measured.
Figure 7.2(e) shows a line profile along the [110] direction over a small, almost
spherical symmetric, depressed area. The FWHM of this depression is 0.7 nm. This is
comparable to the resolution predicted by the Tersoff-Hamann theory at the relatively
large tip-sample distance used during spectroscopy (∼ 1nm) assuming an atomically
sharp tip [34]. Furthermore, due to the almost spherical symmetry of this depression
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Figure 7.2: STS measurement on V(001) contaminated with ∼0.05 ML carbon
(each image contains 75×75 pixels and is 10×10 nm2 large). (a) Constant current
image at the setpoint of STS (I = 1.1 nA, Vs = −0.3 V). (b),(c) Images of peak
energy and width as obtained by fitting the dI/dV curves of each pixel between
-0.2 V and +0.2 V to a Gaussian with a fixed offset of 0.8 nA/V. The two arrows
(marked 1 and 2) refer to the curves of (d). Dashed lines refer to the line profiles
of (e). (d) Single dI/dV curves measured at a clean area [arrow marked 1 in (a),
(b), and (c)] and at a carbon impurity [arrow marked 2] on the V(001) surface.
The best-fit Gaussians are shown as dashed curves. (e) Line profiles along the
dashed lines in (a),(b) and (c). The horizontal dashed lines in (e) show the lowest
peak energy and FWHM obtained on clean V(001) areas. It can be seen that the
peak energy reaches this value at a shorter distance from the impurity than the
FWHM [arrows in (e)]. (v100/2498)
(the extension in the slow scan direction might be due to drift which is not negligible
during relatively slow STS measurements at room temperature), it is tempting to
identify this depression with a single carbon (or, possibly, oxygen) impurity. The
peak energy has reached a constant value of −0.03 eV at the clean areas. Since this
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value is always obtained on large clean areas (> 1 nm), it is considered to be the
surface state energy of clean V(001). The peak energy shifts to +0.02 eV at the
feature attributed to a single impurity atom. The width of this feature in the peak
energy line profile is the same as the FWHM of the topographic line profile (0.6 nm).
Therefore, the width of the peak energy profile over the impurity atom is more likely
to be determined by the resolution during the spectroscopy measurement than by the
range of influence of the impurity atom on the V(001) surface state.
The full width at half maximum of the surface state increases from 0.13 eV at clean
V(001) to 0.35 eV at the single impurity atom. The value obtained on the clean area is
of the same order as the FWHM found by Stroscio et al. [3] for the 3dz2 surface state
of Fe(001) measured on extremely clean iron whiskers. Comparing the line profiles of
the peak energy and the FWHM, one striking difference can be recognized: the peak
energy reaches its constant value at a shorter distance from the impurity atom than
the peak width. At a distance of 1 nm from the impurity, the peak energy has reached
the saturation value of −0.03 eV while the peak width clearly has not obtained its
lowest value yet as the arrows in Fig. 7.2(e) show. Only at a distance of about
2.5 nm the lowest value for the FWHM of 0.13V is found. Since the FWHM of the
surface state is related to its lifetime [35, 36], these results imply that the influence
of the impurities on the surface state lifetime is longer-ranged than the influence on
the surface state energy. The lifetime of the surface state can be influenced by a few
mechanisms. First, due to the peak shift away from the Fermi level, the phase-space
for electron-electron scattering increases. We do not expect this to play much of a
role for a state so close to EF , however. Second, the local stress around the impurities
(see also section 7.3.6) may have an influence on the electron-phonon scattering. An
electron-phonon coupling constant λ of 1.45 is reported for the clean V(001) surface
state which is one of the highest reported values so far and shows the importance of
this scattering mechanism for this surface [37]. However, the mechanism we consider
most important is coupling to bulk states via the impurity. Only recently, lifetimes
of noble metal fcc(111) surface states measured by STS could be accurately predicted
by theory [35]. For such states it is also known that scattering by adatoms leads to
significant coupling between the surface state and bulk states, significantly reducing
the amplitude of the outgoing wave of the surface state [38]. However, the effect of
the lifetime and scattering by impurities of 3dz2 surface states on the peak widths
observed in dI/dV has not been discussed until now.
Carbon coverages between 0.05ML and 0.15ML lead to continuous peak shifts
from 0.03 eV below the Fermi level at clean areas to ∼0.2 eV above the Fermi level at
the most depressed areas where also a shoulder around 0.6 eV is detected. The lowest
FWHM found in this coverage regime was 0.27V. From the discussion above this
can be explained by the fact that at larger C coverages, clean V(001) areas become
smaller which hinders the FWHM to converge to its smallest value.
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7.3.2 Influence of the tip on the Fermi level surface state
STS measurements on metal surfaces are usually performed at relatively high tunnel-
ing resistances. A typical setpoint of Vs = −0.5V and I = 1nA (tunneling resistance
of 500MΩ) corresponds to a tip-sample distance of about 0.9 nm (core-core), as deter-
mined by extrapolation of the I(z) curve (see below). Under these conditions, the tip
is not expected to have an influence on the electronic structure of the sample surface.
Tersoff-Hamann theory which uses the Bardeen approximation for the tunneling ma-
trix elements is valid and dI/dV is predicted to be proportional to the sample LDOS
[34]. However, at smaller tip-sample distances (i.e. smaller tunneling resistances), the
presence of the tip might lead to distortions of the sample electronic structure. Hofer
et al. [39] have shown that the Tersoff-Hamann model and simulations including re-
alistic tip density of states but still based upon the Bardeen approach fail to describe
the corrugation measured on a Fe(001) surface for tip-sample distances smaller than
0.4 nm. This problem was solved by assuming a z-dependent quenching of the surface
state contribution in the LDOS. Nevertheless, a direct experimental confirmation of
the influence of the tip on a surface state has not been reported until now.
To study a possible influence of the tip on the surface state, we have measured
dI/dV around the Fermi level at clean V(001) areas as a function of tunneling resis-
tance. To avoid overload of the tunneling current amplifier (50 nA range), dI/dV was
only measured in a very small energy window of approximately ±0.1V around the
Fermi level. Unlike the case of Fe(001) where the surface state is at +0.17 eV [3, 4],
the V(001) surface state is very close to the Fermi level which allows measurements
at lower tunneling resistances without current overload for standard STM current
amplifiers.
The results are shown in Fig. 7.3(a). The setpoint is changed from 1.3 nA to
47.3nA at a bias voltage of −0.08V (from 62MΩ to 1.7MΩ, respectively) and back to
1.1 nA to exclude a tip change during the measurement and detect possible influences
of drift. The curves have been normalized to the 62MΩ curve. Whereas we cannot
determine from these curves whether the amplitude of the surface state depends on
the tunneling distance (a reduced amplitude would equally affect the setpoint and
the spectrum) one can immediately see that the surface state energy does not shift
significantly down to a tunneling resistance of 1.7MΩ. We only observe a slight drift
of the peak position with time, presumably due to x– or y–drift of the STM tip
towards an area with slightly higher surface state energy.
The vertical tip displacements during the STS measurements were also measured.
Figure 7.3(b) shows the tip displacement relative to the tip-sample distance at 1.7MΩ
as a function of tunneling resistance (which is plotted on a log scale). In a simple
one-dimensional tunneling model, the slope of this curve is determined by the effective
barrier height (see e.g. [40]) which can be approximated by the average of the sample
and tip work function. In our case, a value of 3.1 ± 0.4 eV is found for the effective
barrier height. Valla et al. reported a work function for clean V(001) of 4.3±0.1 eV
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Figure 7.3: (a) dI/dV curves measured on a clean V(001) area as a function of
tunneling resistance. dI/dV was measured in a very small energy window around
the surface state peak. Vs was kept at −0.08 V while the tunneling current setpoint
was increased from 1.3 to 7.0, 15.7, 37.8, and 47.3 nA. Then it was decreased again
to 16.0 and 1.1 nA. The dI/dV curves are normalized to the 62 MΩ curve and
offset to each other. (b) Vertical tip displacement as a function of the tunneling
resistance of the same data set as in (a). The full line is the best least-square fit
to the data points. (v100/3079)
[29]. In addition, it was shown that oxygen dosage can increase the work function by
as much as 2.5 eV up to ∼10L [41]. The ab initio calculations described in section
7.3.6 of the current work result in a work function of 3.7 eV for the clean surface
and 4.4 eV for a full monolayer of carbon. The low work function measured can be
an effect of the tip work function. In contrast to close-packed surfaces, rough open
surfaces have rather low work functions, e.g. 3.7 eV for a W adatom on W(001) [42]
as compared to 4.4 eV for W(001) [43]. As it is likely that vanadium atoms have
been transferred to the tip in our experiments, we can expect a tip work function
significantly below that of V(001).
Whereas we cannot detect changes of the amplitude of the surface state from the
spectra [Fig. 7.3(a)], any significant quenching of the surface state should lead to a
reduction of the tunneling current at the voltage of −0.08V where the data of Fig.
7.3(b) were obtained. In such a case we would expect the curve in Fig. 7.3(b) to bend
down at low tip-sample distance. As we do not observe this, we estimate that any
possible quenching of the surface state is not more than 10% at a tunneling resistance
of 1.7MΩ.
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The experimental tip-sample distances can be estimated by extrapolation of the
tunneling resistance to the contact point [i.e. ∼ h/(2e2) = 12.9 kΩ] where a tip-sample
distance (core-core) of around 0.3 nm is assumed. Therefore, the lowest tunneling
resistance studied in this work results in an absolute tip-sample distance (core-core)
of around 0.5–0.6nm. The absence of a tip influence on the sample electronic structure
in this regime is therefore not in contradiction with the results of Hofer et al. [39].
7.3.3 V(001) contaminated with segregated impurities: high
coverage regime
Figure 7.4 shows STS measurements on a slightly higher contaminated sample. The
APPH ratios of C/V and O/V are 2.7% and 0.8% which corresponds to 0.17ML
carbon and 0.18ML oxygen, respectively. A dI/dV curve is measured at every pixel
of the topographic image, i.e. Fig. 7.4(a). Typical dI/dV curves, which are taken
at the points indicated in Fig. 7.4(a), Fig. 7.4(b) and Fig. 7.4(c) are shown in
Fig. 7.4(d) and Fig. 7.4(e). A surface state is detected around −0.03 eV at the
clean areas of Fig. 7.4, just as in the measurement of Fig. 7.2, although its width
is about three times larger (0.4–0.45 eV). This surface state has shifted to +0.1 eV
at the contaminated area indicated by number 2. Furthermore, curve 2 shows a
weak shoulder above +0.5 eV. In curve 3 and 4 which are measured at even more
depressed (contaminated) areas in Fig. 7.4(a) this shoulder has evolved into a peak.
The highest peak energy observed was about +0.75 eV. For these curves a shoulder
is found around the Fermi level. The observation of shoulders in curves 2, 3 and 4 is
due to the low spatial resolution during STS: at this setpoint a circle of about 0.7nm
diameter is estimated to contribute to the tunneling current (see section 7.3.1 and
previous chapters).
Figure 7.4(b) and Fig. 7.4(c) show dI/dV maps at −0.02 eV and +0.82 eV, respec-
tively. These energies correspond roughly to the locations of the clean V(001) surface
state and the high energy surface state. Comparison of Fig. 7.4(a), Fig. 7.4(b) and
Fig. 7.4(c) shows that the Fermi level peak is localized on the bright (i.e. clean)
areas of the topographic image, while the high energy peak is localized on the most
depressed (i.e. highly contaminated) areas.
In Fig. 7.4(a) a monoatomic step along the [100] direction is visible. The grey
scale has been used twice through the height range of the image to make the structure
on both terraces visible (lower terrace is in the top-left of the image). The step has
been marked by white dashed lines in Fig. 7.4(a), Fig. 7.4(b) and Fig. 7.4(c). The
step cannot be clearly recognized in the dI/dV maps. Therefore, it seems likely that
the step has only a small influence on the V(001) surface state. As an example, two
single dI/dV curves measured on clean V(001) areas which are within 0.5 nm from
the step edge are shown in Fig. 7.4(e). Curve A and B are measured on the lower
and higher terrace, respectively. C is measured on an obviously clean area of the
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Figure 7.4: STS measurement on V(001) contaminated with 0.18 ML carbon
(each image contains 100×100 pixels and is 10×10 nm large). (a) Constant current
image at setpoint of STS (I = 0.60 nA, Vs = −0.71 V) showing a monoatomic step
along the [100] direction. The height difference between the two terraces (lower
terrace is in top-left of the image) has been reduced in order to make the struc-
ture on both terraces visible. (b),(c) are dI/dV maps at Vs = −0.02 V and Vs =
+0.82 V, respectively. The step has been marked in these images by a dashed line
to guide the eye. (d),(e) Single dI/dV curves measured at the positions marked
in (a) to (c). (v001/3069)
upper terrace. The peak energies are 0.00 eV for A and B, and −0.02 eV for C. The
step certainly does not have a large influence on the surface state, although a minor
influence (peak shifts of order <0.05 eV) is difficult to disentangle from the influence
of the impurities on the V(001) surface state.
Figure 7.5(a) shows a topographic STM image of V(001) contaminated with the
same amount of impurities as Fig. 7.4. The impurity atoms can be clearly resolved
at this setpoint (Vs = −0.4mV, I = 1.4 nA). Some small c(2 × 2) patches can be
recognized (distance between depressions along [110] direction is 0.43 nm). Recent
calculations by Bergermayer et al. show that the c(2× 2) structure of pure carbon on
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Figure 7.5: (a) STM image of V(001) contaminated with 0.18 ML carbon
(−0.4 mV, 1.4 nA, 10×10 nm2). Clean and c(2 × 2) covered areas can be rec-
ognized. (b) STS measurement on the same area as (a) with setpoint I = 1 nA,
Vs = −0.82 V. (c) dI/dV map at Vs = +0.7 V. Comparing (a) and (c) shows that
the peak around +0.7 eV in dI/dV is localized on the c(2× 2) areas. (v100/3088)
V(001) is less stable than the p(1×2) structure but that additional oxygen atoms may
stabilize the c(2 × 2) structure [32]. This is in correspondence with an STM study
which showed that the c(2× 2) ordering increased with increasing amount of oxygen
contamination [32]. It is also in agreement with the Auger results obtained on the
sample of Fig. 7.5(a) in which both oxygen and carbon impurities were detected.
Figure 7.5(b) shows an STS measurement on the same area performed immediately
after recording Fig. 7.5(a). The setpoint of Vs = −0.82V, I =0.98nA used for STS
does not allow atomic resolution. Figure 7.5(b) clearly shows the blurring effect of
topographic features at the STS setpoints. The dI/dV map at Vs = +0.7V is shown
in Fig. 7.5(c). Comparing these three images shows convincingly that the high energy
peak is localized on areas showing the local c(2× 2) structure.
7.3.4 Oxygen-induced (1× 5)-reconstruction
Adsorption of ∼1L (1 L = 1.33 ×10−6 mbar s) oxygen on the oxygen-free V(001)
sample at 200◦C, leads to the formation of a (1 × 5) reconstruction which has been
studied with quantitative LEED, STM and density functional theory calculations
by Koller et al. [30]. The driving force for this reconstruction was found to be
increasing tensile stress with increasing oxygen coverage: the O-V bond length with
oxygen in the four-fold hollow sites of an unreconstructed surface would be 0.216nm
which is larger than the favorable length of ∼0.20nm. This stress can be reduced
by large displacements of the vanadium atoms, decreasing the V-V in-plane bond
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Figure 7.6: Schematic model of the V(001) (1 × 5) reconstruction (from Ref.
[30]). Oxygen atoms occupy two-fold bridge sites at 5 lattice distance spacings.
In between these oxygen lines, about 2/3 of the four-fold hollow sites is occupied
by either oxygen or carbon (which was present before the dosing). The lattice
spacing parallel to the oxygen lines a is equal to the bulk lattice constant of
0.303 nm. The V-V distances a1 and a2 are contracted, causing a larger V-V
distance b (relaxations from ab initio calculations of Ref. [30]). Also shown is the
unit cell for the c(3
√
2×√2)R45◦ structure of the bright protrusions (uncovered
four-fold hollow sites) as observed in Fig. 7.7. This structure can also be viewed
as a c(2 × 2) structure with equidistant domain boundaries.
lengths around the hollow site O atoms. Due to this contraction the V-V distance
increases around unoccupied hollow sites. Consequently, adsorption on the two-fold
bridge sites is favored at these places. In the (1 × 5) reconstruction, bridge sites are
occupied after each fifth row of V atoms as a result of the optimization of the strong
V-O bonds. Furthermore, the absence of a fully covered surface was explained by
a hindered dissociation of molecular oxygen at coverages of about 0.7–0.8ML since
the calculations showed that a fully oxygen covered surface would be most stable. A
model for the reconstruction is given in Fig. 7.6 (from Ref. [30]).
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Figure 7.7: Atomically resolved STM images of the V(001) (1×5)-reconstructed
surface (−0.7 mV, 4 nA, 10×10 nm2). Dark lines are visible every 5th vanadium
atom, although also spacings of 6 vanadium atoms are sometimes observed. Two
domains which run along the [100] and [010] direction are visible. (a) shows
a tip change which has a drastic effect on the image. (b) is the image taken
immediately after (a). The two boxes in (a) and (b) are identified as the same
area and are enlarged in (c) and (d). It is clear that the white protrusions in (a)
and (c) are visible as empty four-fold hollow sites in (b) and (d) (black arrow).
(v100/2262/2263)
Figure 7.7 shows STM images taken after dosing of 0.9L oxygen at 200◦C. An
APPH ratio of 3% for O/V and 1.8% for C/V was measured after the dosing which
corresponds to an oxygen coverage of 0.67ML and a carbon coverage of 0.11ML.
In Fig. 7.7(b), the (1×5) reconstruction is clearly visible as dark lines at every 5th
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vanadium atom running along the [100] and [010] direction. Sometimes a spacing of
6 vanadium atoms is observed as indicated in Fig. 7.7(b). In Fig. 7.7(a) a tip change
causes a drastic change of the contrast. Note that there is no lateral shift after the
tip change possibly indicating that the tip change is related to an exchange of the tip-
apex atom. Figure 7.7(b) is the image taken immediately after Fig. 7.7(a). The white
squares show the same area in Fig. 7.7(a) and Fig. 7.7(b) and are enlarged in Fig.
7.7(c) and Fig. 7.7(d). Obviously, the bright protrusions in (a) and (c) are imaged as
the most shallow four-fold hollow sites in (b) and (d). The most depressed four-fold
hollow sites in (b) and (d) are known to be occupied by carbon/oxygen atoms [30, 32].
This means that the bright protrusions in (a) and (c) are the empty (i.e. uncovered)
four-fold hollow sites. Furthermore, Fig. 7.7(a) clearly shows that the protrusions
tend to order in a c(3
√
2×√2)R45◦-like structure which can be considered as a c(2×2)
structure with domain boundaries [6] and of which the unit cell is also sketched in
Fig. 7.6.
Figure 7.8(a) shows an STM image of the oxygen-induced V(001) (1 × 5) su-
perstructure taken at the setpoint of spectroscopy. A dI/dV curve was measured
at each pixel (100×100 curves). The average of all these curves reveals a strong
peak at +0.66 eV with a FWHM of 0.45 eV (obtained from a Gaussian fit). How-
ever, the dI/dV curves of Fig. 7.8(b) show that slightly different curves are obtained
at the various local geometries of the (1 × 5) reconstruction (i.e. bridge site oxy-
gen lines, occupied and unoccupied four-fold hollow sites). Curves 1 and 2 are the
averages of four single dI/dV curves obtained on the occupied (depressions) and un-
occupied four-fold hollow sites (protrusions) which are marked by squares and circles
in Fig. 7.8(a), respectively. Strong peaks can be observed at +0.62± 0.01 eV (curve
1) and +0.63± 0.01 eV (curve 2). The FWHM of these peaks are 0.40±0.03eV and
0.39± 0.03 eV, respectively. To minimize the influence of the bridge site oxygen line
electronic structure (see below) only points exactly in between these lines were used
for curves 1 and 2. The error bars indicate the scatter (standard deviation) of averages
obtained on various equivalent surface areas within one STS measurement (excluding
scatter among different tips).
Curve 3 is the average of four single dI/dV curves obtained on the depressed area
which is marked 3 in Fig. 7.8(a). In this area without nearby unoccupied four-fold
hollow sites (protrusions) the dI/dV curves show a peak at +0.57 ± 0.01 eV with a
FWHM of 0.39 ± 0.03 eV. This peak energy is also found on highly contaminated
V(001) surfaces showing the (1 × 5) reconstruction (typically APPH ratios C/V =
3.5%, O/V = 4.0%) where the concentration of unoccupied four-fold hollow sites is
much smaller.
Besides slight peak shifts, the major difference between curve 1 (occupied four-
fold hollow sites in c(3
√
2×√2)-like structure), curve 2 (unoccupied four-fold hollow
sites) and curve 3 (occupied four-fold hollow sites in p(1 × 1)-like structure) is the
peak amplitude. When the same background (1 nA/V) is subtracted, curve 2 has a
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Figure 7.8: STS measurement on the (1 × 5)-reconstructed V(001) surface. (a)
Constant current image taken at setpoint of STS (I = 1 nA, Vs = −0.5 V,
10×10 nm2). The bright protrusions were identified as unoccupied four-fold hol-
low sites (see Fig. 7.7). Four bridge site oxygen lines are indicated by white dotted
lines. (b) dI/dV curves representative of four different surface areas. Curves 1 and
2 are averages of dI/dV curves measured at the black squares (depressions) and
the black circles (protrusions), respectively. Curve 3 is the average of four curves
measured in the dark area labeled 3. Curve 4 is the average of four single dI/dV
curves measured at the bridge site oxygen lines. Curve 5 is the difference of curves
4 and 3, with curve 3 scaled to fit the low-energy shoulder of curve 4. (c) dI/dV
map at Vs = +0.62 V. Comparison with (a) shows that minima are obtained at
the bright protrusions. (d) dI/dV map at Vs = +0.85 V. The peak around this
energy is localized on the bridge site oxygen lines of the (1 × 5) reconstruction,
e.g. the white dotted lines. (v100/2233)
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30% (40%) lower peak amplitude compared to curve 1 (3). In this context it should
be realized that the peak amplitudes depend on the tip-sample distance. Therefore,
at the position of the bright protrusion the tip-sample distance is increased by the
apparent height of the protrusion (i.e. ∼20pm compared to depressions) if we assume
that the protrusion is an electronic and not a geometric effect. The latter seems
reasonable if we realize that the bright protrusion actually is an unoccupied four-fold
hollow site. Using the exponential dependence of the tunneling current on the tip-
sample distance (I ∼ exp(−2κ∆) with κ = 1×1010m−1 [34]), it can be shown that a
tip retraction of∼20pm (∆) leads to a 33% lower tunneling conductance. The∼30pm
higher z value of the protrusions marked 2 compared to the depressed area marked 3
leads to a ∼45% reduction in the tunneling conductance. These considerations show
that the different peak amplitudes can be understood in terms of local variations in
the tip-sample distance.
Curve 4 is the average of four single dI/dV curves measured at the bridge site
oxygen line of the reconstruction (position of pixels is roughly marked in Fig. 7.8(a),
(c), and (d) by arrow). The dI/dV curve clearly shows a shoulder around +0.6 eV
and a peak around +0.8 eV. Due to the limited resolution during STS, there is always
a non-negligible contribution of the electronic structure of neighboring sites to the
dI/dV curve measured on top of the lines. To find the energy of the bridge site oxygen
line state, we have scaled curve 3 to fit the rising slope of curve 4 and subtracted from
curve 4. The result is curve 5 [Fig. 7.8(b)]. This curve shows a peak at +0.90 eV. By
performing the same analysis to various dI/dV curves measured at the oxygen lines,
a peak energy of +0.91± 0.01 eV and a FWHM of 0.38±0.04eV are found.
To study the localization of these states, dI/dV maps at Vs = +0.62V and Vs
= +0.85V are shown in Fig. 7.8(c) and (d), respectively. Due to the tip-height
effect explained above, the peak around +0.62 eV is highest at the occupied four-fold
hollow sites in Fig. 7.8(a) and is reduced at the bright protrusions. The peak around
+0.85 eV is localized at the bridge site oxygen lines of the (1 × 5) reconstruction as
can be seen from Fig. 7.8(c). The width of the lines in the +0.85V dI/dV map can
be obtained by fitting line profiles perpendicular to the bridge site oxygen lines to
Gaussian functions. The value obtained in this way (FWHM 0.5nm) is again of the
same order as expected from the resolution predicted by the Tersoff-Hamann theory
at the tunneling resistance of the STS measurement.
Vacancies at domain boundaries
The (1× 5) reconstruction is not only observed on clean V(001) surfaces which have
been dosed with oxygen. After sulphur has been sufficiently depleted, a (1×5) recon-
struction can already be observed in both LEED and STM on samples containing high
amounts of oxygen and carbon impurities. Figure 7.9(a) shows an atomically resolved
STM image of a V(001) sample which is at the early stage of the cleaning process.
The measured Auger-peak-to-peak ratios (C/V = 3.5%, O/V = 4%) correspond to
196 Scanning Tunneling Spectroscopy Study on V(001)
(a)
1 2
1 2
(b)
(d)(c)
Sample voltage [V]
d
I/
d
V
 [
n
A
/V
]
-0.5 0.0 0.5 1.0 1.5
0
5
10
15
2
1
fits
Figure 7.9: (a) Atomically resolved STM image of the V(001) surface show-
ing the (1 × 5) reconstruction (Vs = −0.4 mV, I = 2.6 nA, 10×10 nm2).
This V(001) sample is in an early stage of the cleaning process. Vacancy
holes are visible at points where two domains of the reconstruction cross.
(b) STM image recorded at the setpoint of the spectroscopy measurement
(Vs = −0.5 V, I = 0.5 nA, 2.6×2.6 nm2). The STS measurement is performed at
the area marked by the white box in (a). (c) Two single dI/dV curves which are
representative of the (1 × 5) reconstruction (curve 1) and the vacancy (curve 2)
are shown. The dotted lines are Gaussians found by the fitting routine. (d) Image
of peak energies found by the fitting routine. Obviously, a higher peak energy is
found at the vacancy. (v100/1106/1107)
a total coverage of 0.22ML C and 0.78ML O. The (1 × 5) reconstruction is clearly
visible, although the distance between the dark oxygen lines is often observed to be
6 instead of 5 lattice spacings. Furthermore, vacancies are observed at points where
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two perpendicular dark oxygen lines cross. Sometimes, even vacancy lines (e.g. 5
atoms long) or vacancy islands (e.g. 5×2 atoms) could be observed. These vacancies
were also reported by Dulot et al. [31]: a linear relationship between the number
of observed vacancies and the periodicity of the reconstruction was observed. For
perfect (1 × 5) structures, the average number of vacancies was observed to reach
zero, while the periodicity was seen to increase from 5 to ∼12 with disorder for higher
vacancy densities. This disorder lead to the observation of a pseudo (1× 1) structure
in RHEED. The vacancies were explained to be caused by an accumulation of stress
at points where two perpendicular oxygen lines cross: at these points it is favorable
to eliminate vanadium atoms. A higher concentration of these vacancies decreases
the stress which allows the periodicity needed for strain relief to increase from 5 to
larger atomic distances.
From the discussion at the beginning of this section it is clear that adsorbed oxygen
leads to a tensile stress on the V(001) surface. Apparently, for oxygen dosage at 200◦C
this stress is released by formation of a perfect (1×5) structure (this is, however, to be
expected since the dosing is stopped when the (1×5) pattern in LEED is most clear),
while for segregation of oxygen out of the bulk less well-defined structures are formed
to release the stress. In particular, vacancies (atoms, lines and islands) are created
for stress relief in addition to a (1 × n) structure (with n ≥ 5). Annealing of the
samples at high temperatures (650◦C) could favor the vacancy formation compared
to the oxygen dosing experiments which were performed at 200◦C.
Spectroscopy measurements were also performed on this sample. As the results
for the oxygen lines and for the areas in between are the same as those of Fig. 7.8,
only the electronic structure of the vacancies is discussed in this section. Figure 7.9(c)
shows two dI/dV curves which are representative of the (1×5) area and the vacancy.
At the vacancy the peak has shifted from +0.6 eV to +0.9 eV. Each dI/dV curve of
Fig. 7.9(b) is fitted to a Gaussian (with three independent parameters): the best
fits to the two curves of this figure are shown as dotted curves. Although, the fits
are certainly not perfect, it can be seen that the peak energies found by the fitting
routine agree fairly well. Figure 7.9(d) shows a map of the peak energies showing the
clear upward peak shift at the vacancies.
7.3.5 High voltage spectroscopy
Spectroscopy measurements were also performed over larger voltage ranges on the
clean and the reconstructed V(001) samples. Due to the exponential rise of the tun-
neling current at voltages higher than ∼1V, care has to be taken to avoid overloading
the current amplifier. Therefore, these measurements were performed at relatively
high tunneling resistances, i.e. large bias voltage and low tunneling current. These
measurements were stimulated by the IPS results of Ollonqvist et al.: for normal
incidence states with two-dimensional, i.e. surface state, character where found at
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Figure 7.10: Normalized (dI/dV )/(I/V ) curves measured over a large voltage
range on both the clean (curve 1 to 3) and reconstructed (curve 4) sample. Set-
points were for curve 1, 2 and 3 (4) Vs = −0.5 V (−3 V), I = 0.1 nA (0.5 nA). An
additional peak is observed around +2 V. (v100/1209/1986)
+0.4 eV, +1.4 eV, and +2.1 eV [27] 2. Since peaks at high voltages tend to disap-
pear in the background (and appear as shoulders) in dI/dV , Fig. 7.10 shows the
normalized (dI/dV )/(I/V ) spectra obtained on a clean (curve 1, 2 and 3) and a
(1 × 5) reconstructed V(001) sample (curve 4). The clean sample which can be rec-
ognized by the peak at the Fermi level shows an additional peak at +1.99 eV (curve
1). Curve 2 and 3 show in addition to the upward peak shifts of the Fermi level
peak and the appearance of a peak around 0.6–0.7 eV (peak is at +0.68 eV for curve
3 which is at +0.66 eV in dI/dV ) also a slight shift of the high voltage peak (to
+2.03 eV and +2.09 eV, respectively). Carbon contamination therefore seems to shift
this peak by 0.1 eV which makes the interpretation of this peak as a surface state
more likely than an extended bulk state (which would not be effected by surface
contamination). Curve 4 was measured on a V(001) sample which was at the early
stage of the cleaning process and shows the (1× 5) reconstruction: it shows peaks at
+0.53 eV and +2.06 eV. The peak at +0.53V can be observed at +0.65V in dI/dV
and is probably an average of the (1× 5)-terrace and oxygen line surface state. The
oxygen lines (and other atomic-like features) cannot be observed at the setpoint used
(Vs = −3V, I = 0.05nA). The high voltage peak is therefore observed on both the
clean and reconstructed V(001) surface, although contamination and reconstruction
shift this peak 0.1 eV upwards in energy. The peak at +1.4 eV which was observed
by Ollonqvist et al. is not observed in STS.
2In a normal incidence experimental arrangement, the dipole selection rules allow transitions only
into states of ∆1 (s, pz , and dz2) and ∆5 (dxz and dyz) symmetry.
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7.3.6 Calculations
In this section the STS results on V(001) will be compared with ab initio band struc-
ture calculations by Redinger [44, 45]. The systems, i.e. clean V(001) and carbon-
covered surfaces [c(2× 2), p(1× 2) and p(1× 1) with C in four-fold hollow sites] were
first fully relaxed with the Vienna ab initio simulation package (VASP [46]) using ul-
trasoft pseudopotentials (see e.g. [32] and Refs. therein) 3. The relaxed geometry of
the nine layer V(001) slabs served as the input for full-potential linearized augmented
plane wave (FLAPW) [47] calculations in which the exchange-correlation was treated
within the generalized gradient approximation of Perdew [48, 49].
No exchange splitting could be detected pointing towards a non-magnetic sur-
face. Complete carbon coverage increases the workfunction from 3.7 eV to 4.4 eV.
Figure 7.11(a) shows the calculated LDOS at 1nm above the surface for V(001)
and V(001)-p(1× 1)-C. These calculations were restricted to |k‖| < 16 |Γ¯ − X¯| and
|k‖| < 12 |Γ¯ − X¯ | for V(001) and V(001)-p(1 × 1)-C, respectively, to mimic the Γ¯-
dominated tunnel current for large (> 1 nm) tip-sample distances [3]. The peak at
+0.07 eV in the V(001) LDOS is due to a surface state in a bulk band gap at Γ¯. Figure
7.11(b) shows the charge density of this state. This state shows dz2 wave functions
near the cores and has additional s and pz-like contributions protruding far out into
the vacuum, making this state easily detectable by STS. At Γ¯ this state shows little
interaction with the layers below, but moving away from Γ¯ leads to an increased cou-
pling to the subsurface layer which lowers the surface state energy. This results in a
negative dispersion of the surface state band.
The LDOS above the V(001)-p(1 × 1)-C surface shows a peak around +0.75 eV,
which lies in a bulk gap at Γ¯. This identifies it as a surface state, in spite of the
relatively large charge density in the second layer [Fig. 7.11(c)]. This strong contri-
bution of the dz2 orbitals of the second layer V atoms is due to the interaction with
pz states of the C atoms above. The calculations for the perfect p(1× 2) and c(2× 2)
C coverages find vacuum LDOS peaks at +0.13 eV and +1.52 eV, respectively (see
Table 7.1). It is unclear, however, why the energy calculated for the c(2× 2) state is
much higher than those of the similar surface states on the other surfaces studied.
A simple tight-binding calculation including only nearest and next-nearest neigh-
bor s-s, d-d and s-d hybridization [50] was performed to gain more insight into the
influence of carbon impurities on the V(001) surface state. Due to the next nearest
neighbor s-dz2 hybridization a band gap opens along the bulk [001] direction. For
a 80 layer slab (parameterized to give the correct bulk bands) the surface state is
shifted from the lower band edge into the gap if the next nearest neighbor vanadium
s-dz2 hybridization in the surface layer is strongly reduced which is reasonable due to
3A considerable first layer inward relaxation (−18%) was found for clean V(001), which is reversed
by C adsorption and becomes +25% for a p(1 × 1) C ad-layer. The position of the carbon atoms
is 0.042 nm, 0.037 nm and 0.021 nm above the surface plane for the c(2 × 2), p(1 × 2) and p(1 × 1)
structures, respectively. The in-plane lattice constant was found to be 0.300 nm.
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Figure 7.11: (a) Local density of states at 1 nm above the surface calculated
for V(001) and V(001)-p(1 × 1)-C [arising from states with |k‖| < 16 |Γ¯ − X¯ | and
|k‖| < 12 |Γ¯−X¯|, respectively]. (b),(c) Charge density distribution of the +0.07 eV
V(001) surface state and the +0.78 eV V(001)-p(1×1)-C surface state at Γ¯. These
states correspond to the highest peaks in the LDOS of (a). The position of the
carbon atom is indicated by an asterisk in (c). The position of the surface layer is
given by the dashed line. The same logarithmic greyscale is used for (b) and (c).
the charge spill-out to the vacuum at the surface.
Increasing (decreasing) the in-plane lattice constant decreases (increases) this hy-
bridization also which moves the state up (down) in energy. This is in agreement
with the FLAPW calculations where a 0.04 eV lower energy for the surface state of
clean V(001) is found when a lattice constant of 0.298nm is used (i.e. less than 1%
smaller). As can be seen in Fig. 7.11(c), when the V(001) surface is covered with
carbon, the extended s,pz-like contributions present in Fig. 7.11b, have been lost
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Structure Surface State Energy [eV]
Experimental
clean V(001) −0.03
single impurity +0.02
small c(2× 2) patches +0.75
3
√
2×√2 areas in (1× 5) +0.63
(1× 1) areas in (1× 5) +0.57
bridge site O in (1× 5) +0.91
Calculated
clean V(001) +0.07
V(001)-p(1× 2)-C +0.13
V(001)-c(2× 2)-C +1.52
V(001)-p(1× 1)-C +0.75
Table 7.1: Summary of the surface state energies found for the various geometries
in experiments and FLAPW calculations.
to the directional V-C d-p bonds. This will lead to a reduced s-dz2 hybridization
between neighboring atoms in the surface plane and therefore to an increased energy
of the surface state which explains the upward peak shifts at carbon contaminated
areas observed in the STS measurements. Notice that the upward peak shifts can-
not be explained by confinement effects since quantization of the parallel wave vector
would lead to a downward shift due to the negative dispersion of the surface state.
Furthermore, FLAPW calculations in which the interlayer distance between the first
and second vanadium layer was expanded by 25% did not have a strong effect on the
surface state energy which shows that the huge relaxation of this system (i.e. −18%)
has only a minor effect on the surface state energy.
To test the strong influence of the surface nearest neighbor s-dz2 hybridization on
the surface state energy, FLAPW calculations were performed for V(001) with c(2×2)
and p(1 × 1) hydrogen superstructures. It was found that hydrogen increases this
hybridization and consequently, lower surface state energies are found. The c(2× 2)
H structure shows a surface state at −0.21 eV, the p(1× 1) H structure at −0.53 eV.
However, experiments where up to 1.8L molecular hydrogen was dosed on a fairly
clean V(001) surface (≈ 0.1ML carbon) did not show any downward shift of the
surface state. This could imply that the absorbed hydrogen immediately disappears
into the bulk in agreement with the results of Krenn et al. [8].
Having established now the strong impact of the in-plane s-dz2 hybridization on
the surface state, the small influence of the monoatomic step on the surface state seems
to be conflicting. At the step along the [100] direction, vanadium atoms are missing
one surface nearest-neighbor and consequently, an effect on the s-dz2 hybridization is
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expected. Calculations for a stepped geometry would be needed to solve this problem
and might also be interesting from point of view of a possible existence of a magnetic
moment [12].
The calculations find a surface state of dz2 symmetry at +1.52 eV for the c(2× 2)
carbon-covered V(001) surface which is in contradiction with the experiments where a
very strong peak in dI/dV is observed around +0.7 eV on the local c(2×2) structures.
However, as mentioned before, it is quite likely that the experimental c(2× 2) struc-
ture contains oxygen atoms [32]. Furthermore, since the c(2 × 2) domains are quite
small, relief of stress is possible at the domain edges. Therefore, the experimental
configuration is not exactly comparable to an ideal c(2× 2) carbon coverage.
Due to the fact that the tensile stress is relieved in the (1 × 5) reconstruction,
the V-V in-plane nearest neighbor distances decrease between the oxygen lines by 6
and 7%, respectively, and increase over the two-fold bridge sites by 27% (see Fig.
7.6). In line with the discussion above, these large displacements are expected to
have a large impact on the in-plane s-dz2 hybridization. In other words, the expected
increased s-dz2 hybridization on the terrace between the bridge site oxygen lines,
would be in agreement with a lower surface state energy compared to the value of
+0.75 eV calculated for the p(1×1) geometry. Therefore, the peak at +0.57 eV which is
observed on the protrusion-free areas of the (1×5) reconstruction (curve 3 in Fig. 7.8)
is identified with the p(1×1) surface state, shifted as a consequence of local relaxations.
Although this qualitative discussion of the influence of the s-dz2 hybridization on the
surface state energy is based upon quantitative calculations for carbon impurities,
oxygen is not expected to have a complete different behavior on the V(001) surface
state compared to carbon since both atoms are strongly electronegative.
7.4 Summary and conclusions
STS results on differently prepared V(001) samples were presented. A strong surface
state near the Fermi level was detected on clean V(001) areas. Small amounts of
segregated impurities (mostly carbon) shift this peak in dI/dV across the Fermi level
towards higher energies. In particular, it was shown that a single impurity shifts the
surface state upwards by 0.05 eV. It was verified that the presence of the tip has no
significant influence on the energy or amplitude of the peak in the setpoint range
usually available in STS measurements. The influence of [100]-oriented steps on the
peak energy was found to be smaller than the effect of impurities. The surface state is
observed around +0.75 eV at c(2× 2) areas. By dosing the clean V(001) surface with
oxygen, the (1×5) reconstructed surface was obtained. Here, a strong peak in dI/dV
is observed around +0.63 eV on the 3
√
2×√2 areas of the (1×5) reconstruction. This
peak is observed at a slightly lower energy of +0.57 eV at areas with higher adsorbate
concentrations (fully covered). A peak is observed around +0.91 eV at the bridge site
oxygen lines.
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Band structure calculations show that the surface state observed on the clean
V(001) surface has dz2 wave functions. For the carbon and oxygen covered surfaces,
the experimentally observed peak shifts can be qualitatively understood in terms of
surface-plane vanadium-vanadium s-dz2 hybridization.
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Chapter 8
Conclusions and Outlook
In this chapter the main conclusions on the scanning tunneling spectroscopy results
and their implications for chemical identification in STM will be presented. Possible
improvements and future experiments will be discussed.
STS as a local technique to study electronic structures
The studies on Fe(001) and V(001) presented in this thesis clearly show the advan-
tages of STS above non-local techniques. The observation of e.g. small peak shifts
of about 0.05V as observed on single oxygen impurities on Fe(001) and single car-
bon impurities on V(001) and the influence of monoatomic steps on surface states
would certainly be beyond the limit of non-local techniques like ARUPS. Further-
more, spectroscopic signatures could be directly related to atomic structures. For
example, distinct differences were observed in dI/dV curves measured at various po-
sitions on the (1 × 5) reconstructed V(001) surface and different dI/dV curves were
measured on the pure Mn islands compared to the local c(2× 2) MnFe alloyed areas.
It was generally found that spectroscopic dI/dV features such as peak shifts due to
single impurities and the quenching of surface states at steps are laterally broadened
to about 0.7 nm (FWHM). Therefore, it must be concluded that atomic resolution
cannot be obtained at typical STS setpoints of Vs = −0.5V and I = 0.5 nA (1GΩ)
which is a major drawback for chemical identification on the atomic scale. Neverthe-
less, in cases where only a few foreign atoms are embedded in a host substrate, the
dI/dV curves measured on the isolated foreign atoms can be clearly distinguished
from the substrate dI/dV curves. However, when the concentration of foreign atoms
increases and these atoms start to form ordered or disordered structures, the inter-
pretation of dI/dV curves is not trivial anymore. The measurements on e.g. V(001)
show that different local environments of the carbon atoms lead to shifts of the surface
state energies. Since the STS measurement shows a (weighted) average of the elec-
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tronic structure within a circle of radius ≈0.7 nm, the real local electronic structure
is smoothed. Equivalent effects were found for Au on Fe(001) [chapter 6] and Mn
on Fe(001) [chapter 5]. For Au on Fe(001), peaks in dI/dV were observed between
+0.55V and +0.75V. The atomically resolved STM images showed that the incorpo-
rated Au atoms locally order in a c(2×2) structure of only a few atoms across. On the
other surface areas, the situation is much more complex. Since the atomic structure
is not resolved in the STS measurement, it is not trivial to correlate the locally mea-
sured dI/dV curves with the local structure. Comparison of the STS measurement
with an atomically resolved STM image taken at the same area is also not trivial
since the much longer time needed for STS distorts the STS image stronger than the
STM image which makes comparison of structures which are only a few atoms across
impossible. These problems were also found for Mn on Fe(001).
In order to increase the resolution during STS, setpoints at smaller tunneling
resistances are needed. However, since dI/dV spectra usually must be measured
over a voltage range of at least ±1V, setpoints at small tunneling resistances will
overload standard STM current amplifiers 1 at the high voltage ends of the I(V )
curve. Therefore, setpoints at smaller tunneling resistances than ∼1GΩ are usually
not allowed. Furthermore, higher currents are not desirable since they might degrade
the stability of the STM junction. To optimize the comparison between an STS
measurement and an atomically resolved STM image obtained on the same area,
thermal drift must be reduced. It would also be helpful if the atomically resolved
STM image could be obtained simultaneously with the STS measurement. In the
present setup the topographic image and the dI/dV curves are recorded at the same
setpoint (usually ∼1GΩ). The resolution in this topographic image would improve
if between the dI/dV measurements the tip could be moved closer to the surface for
the z measurement. However, a modification of the current SPM software is needed.
Influence background on STS measurements
As shown in this thesis dI/dV and (dI/dV )/(I/V ) curves are both strongly influenced
by a tip-dependent background. Due to the voltage dependence of this background,
peak energies in dI/dV and (dI/dV )/(I/V ) are not the same and do in general not
correspond to the real surface state energies. This effect can be substantial especially
for surface states at energies far from the Fermi level. The deconvolution scheme pro-
posed by Ukraintsev [1] was used to find the correct surface state energies. Although
rough fits of quadratic functions to the background of the dI/dV curves may already
lead to a reasonable deconvolution of the surface state energies, dI/dV measurements
are needed over a large voltage range (up to at least ±2V) to allow for an accurate fit
of the tunneling probability function. It might be wondered if from such a deconvo-
luted LDOS the lifetime of the surface state can also be deduced as was done for the
1Usually a maximum current of ∼50 nA is used.
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s, p-like surface states on the noble metal (111) surfaces [2]. dI/dV measurements of
localized transition metal surface states as a function of temperature have yet to be
performed and could provide the relevant information.
Only some surface states are useful for chemical identification in STM
A disadvantage of STS is that the states must make a large contribution to the charge
density in the vacuum (at typically 0.5–1nm above the surface) to be detected. This
makes states around the center of the surface Brillouin zone (Γ¯) most favorable since
the decay length decreases as the k-vector component parallel to the surface increases.
The states should also be relatively close to the Fermi level. States far below the Fermi
level experience a much higher tunneling barrier compared to states at the Fermi
level, and consequently make a much smaller contribution to the tunneling current.
Therefore, the Fe(001) majority band surface state at −2.0 eV which is the spin-split
partner of the +0.17 eV minority band surface state cannot be detected. Moreover,
despite the collapse of the tunneling barrier states far above the Fermi level disappear
in an exponentially increasing background.
Furthermore, to be useful as a chemical fingerprint on a near atomic-scale these
states should be laterally localized. Therefore, the Γ¯ surface states with dz2 symmetry
(but also containing some s and pz contributions) which are present on the bcc(001)
surfaces of transition metals seem to be ideal for the purpose of chemical identification.
The surface states on Fe(001) and Cr(001) were first detected with STS by Stroscio
et al.[3]. In this thesis, the first STS observation of a surface state on V(001) is
reported. Surfaces which show classical examples of this kind of surface state, i.e.
W(001), Mo(001) and Ta(001), have not been studied with STS (and STM) until
now. This is probably due to the difficulties of cleaning these surfaces. However, the
reconstruction of clean W(001) and Mo(001) (see e.g. [4–6] and Refs. therein) at
room temperature makes these surfaces extremely interesting for STM studies.
Papanikolaou et al. calculated the vacuum LDOS of embedded 3d atoms in the
Fe(001) surface and found characteristic double peak structures [7]. For Cr in Fe(001)
this double peak structure was already utilized by Davies et al. as a means to discrim-
inate between Cr and Fe atoms [8]. In the present study, such a double peak structure
was not observed for Mn in Fe(001) but only a very weak Mn peak was predicted in
the calculations. According to the same calculations, V in Fe(001) should give rise to
the highest additional peak (next to the Fe(001) surface state peak). Incorporation
of 3d elements other than Cr and Mn has not been studied with STM/STS until now.
Furthermore, both calculations and experiments have not been performed for foreign
elements in the other bcc(001) transition metal surfaces. These examples show that
a lot can still be learned from this kind of surface state with STS.
212 Conclusions and Outlook
Chemical contrast due to an unknown tip-sample interaction
Although the goal of the research described in this thesis was to achieve chemical
identification in the spectroscopic mode, it is clear that chemical contrast can often
be observed in atomically resolved STM images. Since this type of chemical contrast
(see i.e. Fig. 5.3 and Fig. 6.12) strongly depends on the condition of the tip, it is
mostly ascribed to unknown tip-sample interactions [9]. Experimentalists often try to
change the tip deliberately until they are lucky to have this kind of magic tip state.
In this perspective it would be a great step forward if the tip could be controlled in
a reproducible way. Therefore, although STM has reached the status of a tool, still a
lot of fundamental questions and problems are waiting to be solved...
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Summary
In this thesis Scanning Tunneling Microscopy (STM) and Spectroscopy (STS) mea-
surements on clean and contaminated Fe(001) surfaces, Fe(001) surfaces covered with
Mn or Au, and clean and contaminated V(001) are presented. The main motivation
of this work is the question to what extent the localized dz2 surface state present on
these bcc(001) surfaces can be used as a chemical fingerprint.
Chapter 2 describes the ultrahigh vacuum (UHV) system and the techniques used
for the measurements presented in this thesis. The improvements of the new system
(including a new STM) with respect to the old setup are discussed. It is shown that
the typical vibration level in the STM measurements has decreased by a factor 1000.
In chapter 3 the preparation of the Fe(001) whiskers is described. A succesful
cleaning recipe is discussed. This procedure is used for the experiments described in
chapter 4, 5 and 6. Furthermore, it is shown that imperfect cleaning procedures result
in various (and often irreproducible) adsorbate-induced structures. Examples of facet
and pyramid formation on the Fe(001) surface are given. Experiments in wich oxygen
was dosed in order to reproduce these structures are described.
Chapter 4 describes STS experiments performed on the Fe(001) surface. The
influence of a tip-related voltage dependent background on the apparent surface state
peak energies in the dI/dV and (dI/dV )/(I/V ) curves is discussed. Only after a
careful compensation of this background, the exact surface energy can be determined
(+0.17 eV). It is shown that STS can be used to study the local influence of various
defects on the Fe(001) surface state. The surface state is quenced on both [100] and
[110] directed monoatomic steps. The surface state is found to shift to higher energies
on small nanoscale Fe islands which is explained in terms of quantum confinement.
Single oxygen contaminants are shown to shift the surface state by 0.04 eV to higher
energies. Bump-like defects which are often observed and are believed to be caused
by argon sputtering give rise to an additional peak in the dI/dV curves at a higher
energy which varies, however, from defect to defect. Furthermore, it is shown that
close to the core of screw dislocations slight upward peak shifts of order 0.05 eV are
observed. All spectroscopic features are broadened to about 0.7nm which is related
to the relatively large tip-sample distances typically used in STS measurements.
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In order to see whether the localized 3dz2 surface state can be used for chemical
identification in a real experiment, the 3d element Mn is deposited on the Fe(001)
surface. These experiments are described in chapter 5. Chemically resolved STM
images which were obtained with special (but unreproducible) tip conditions show
that for the submonolayer growth, Mn atoms become incorporated in the Fe(001)
substrate layer for growth temperatures above 100◦C. The fraction of place exchanged
Mn atoms increases with growth temperature. In addition, it was shown that up
to 200◦C all Mn atoms deposited stay in the surface layer. Although on islands a
local c(2 × 2) structure which is related to an ordered MnFe alloy is observed, long
range order is not obtained for the growth temperatures and coverages reported in
the present study. After a careful deconvolution of the tip-dependent background,
STS detects surface states at +0.35V for the pure p(1× 1) Mn patches and +0.25V
for the c(2 × 2) MnFe alloyed patches. Unfortunately, single Mn atoms embedded
in the Fe(001) substrate layer do not reveal a double peak structure or any other
distinct features in the dI/dV curves. STS results obtained on thicker Mn films are
presented. The observation of a contrast in the dI/dV map which oscillates with
alternating layers is explained in terms of spin-polarized tunneling. The potential
of spin-polarized STM experiments on this system for unraveling its complicated
magnetic configurations is discussed in this context.
Chapter 6 describes the growth of Au on Fe(001). Goal is to see how the surface
state of Fe(001) is influenced when the Fe(001) surface is covered with small amounts
of Au. A second goal is to understand the unusual patterns which can be observed
in STM after growth of a few monolayer thick film at elevated substrate tempera-
tures (100–200◦C). In spite of the immiscibility of Au in bulk Fe, chemically resolved
STM images show that Au atoms become incorporated in the Fe(001) substrate layer
for growth temperatures higher than 100◦C. At the same time mixed islands are
formed. In contrast to the pure Au islands on which the Fe(001) surface is com-
pletely quenched, on the disordered mixed islands upward shifts of the surface state
are observed. In particular, at the homogeneously disordered surface layer formed
after growth of 0.5ML Au around 200◦C, a peak is observed in the dI/dV curves
between +0.55V and +0.75V. The alloy is surface confined since up to a coverage
of around 0.5ML all Au atoms stay in the surface layer for the growth temperatures
studied. Higher coverages lead to a demixing which in combination with imperfect
layer-by-layer growth conditions results in a rough interface. The large difference in
interlayer spacing between fcc Au(001) and bcc Fe(001) allows that the effects of the
rough interface can be seen at the surface even after coverage with a thick Au film.
In chapter 7, the localized dz2 surface state of another bcc(001) surface, i.e.
V(001), is studied with STS. On small clean V(001) patches, a strong peak in the
dI/dV curves is detected at 0.03V below the Fermi level. In analogy to single oxygen
impurities on the Fe(001) surface, single carbon impurities on the V(001) surface shift
the surface state 0.05V upwards in energy. Also strong evidence is given for a peak
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broadening around the position of the impurity. In contrast to the behavior observed
on Fe(001), monoatomic steps on the V(001) surface do not have any significant influ-
ence on the V(001) surface state. The proximity of the surface state to the Fermi level
allows for dI/dV measurements at closer tip-sample distances. From these measure-
ments, it is concluded that for tunneling resistances down to about 1MΩ the surface
state is unaffected by the tip of the STM. A surface state is detected around +0.75V
in small c(2×2) patches which are observed at higher carbon (and oxygen) coverages.
The oxygen induced (1× 5) reconstruction of V(001) shows a peak at similar energy
(+0.63V) in the areas with O and C atoms in four-fold hollow sites and a peak around
+0.91V above the rows of bridge site oxygen. The experimentally observed trends
are compared with calculational results for carbon-covered V(001) geometries.
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Samenvatting
In dit proefschrift worden scanning tunneling microscopie (STM) en spectroscopie
(STS) metingen aan schone en verontreinigde Fe(001) oppervlakken, aan Fe(001)
oppervlakken bedekt met Mn of Au, en aan schone en verontreinigde V(001) opper-
vlakken beschreven. De belangrijkste motivatie van dit onderzoek is de vraag in hoe-
verre de gelokaliseerde dz2 oppervlaktetoestand die kenmerkend is voor deze bcc(001)
oppervlakken gebruikt kan worden als een chemische vingerafdruk.
Hoofdstuk 2 beschrijft het ultrahoog vacuu¨m (UHV) systeem en de gebruikte
meettechnieken. De verbeteringen van het nieuwe systeem (inclusief een nieuwe STM)
ten opzichte van de oude opstelling worden bediscussieerd. Het wordt aangetoond dat
het typische trillingsniveau in de STM-metingen met een factor 1000 is verlaagd.
In hoofdstuk 3 wordt de preparatie van de Fe(001) oppervlakken (naaldkristallen)
beschreven. Een succesvolle schoonmaakprocedure wordt besproken. Deze proce-
dure wordt gebruikt voor de experimenten die beschreven staan in hoofdstuk 4, 5
en 6. Verder wordt aangetoond dat niet perfecte schoonmaakprocedures resulteren
in verschillende (en vaak niet reproduceerbare) adsorbaat-ge¨ınduceerde structuren.
Voorbeelden van facet- en pyramidevorming op het Fe(001) oppervlak worden ge-
toond. Experimenten waarbij zuurstof gedoseerd werd met als doel deze structuren
te reproduceren worden beschreven.
Hoofdstuk 4 beschrijft STS-experimenten aan het Fe(001) oppervlak. De invloed
van een STM-naald-gerelateerde spanningsafhankelijke achtergrond op de schijnbare
piekenergie van de oppervlaktetoestand in de dI/dV - en (dI/dV )/(I/V )-krommen
wordt besproken. Slechts na een zorgvuldige compensatie van deze achtergrond kan
de exacte energie van de oppervlaktetoestand worden bepaald (+0.17 eV). Het wordt
aangetoond dat STS gebruikt kan worden om de lokale invloed van verschillende de-
fecten op de Fe(001) oppervlaktetoestand te bestuderen. De oppervlaktetoestand
verdwijnt op zowel [100]- als [110]-gerichte monoatomaire stappen. De oppervlakte-
toestand verschuift naar een hogere energie op kleine (nanometer-schaal) ijzereilandjes
wat verklaart wordt met kwantumopsluiting. Ge¨ısoleerde zuurstofverontreinigingen
verschuiven de oppervlaktetoestand naar een 0.04 eV hogere energie. Op bobbel-
achtige defecten die vaak worden waargenomen en waarschijnlijk worden veroorzaakt
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door het sputteren, wordt een extra piek in de dI/dV -krommen gemeten. De piek-
energie verschilt van defect tot defect maar ligt altijd bij een hogere energie dan
de Fe(001) oppervlaktetoestand. Ook wordt getoond dat dichtbij de kern van een
schroefdislocatie de oppervlaktetoestand 0.05 eV naar een hogere energie schuift. De
spectroscopische kenmerken zijn altijd uitgesmeerd tot circa 0.7 nm wat toegeschre-
ven wordt aan de relatief grote afstand tussen naald en oppervlak tijdens typische
STS-metingen.
Om te kunnen zien of de gelokaliseerde 3dz2 oppervlaktetoestanden gebruikt kun-
nen worden voor chemische identificatie in een realistisch experiment is het Fe(001)
oppervlak bedekt met het 3d element Mn. Deze experimenten staan beschreven in
hoofdstuk 5. Chemisch opgeloste STM-plaatjes die verkregen zijn met speciale (maar
onreproduceerbare) naald-condities laten zien dat bij submonolaag bedekking bij tem-
peraturen hoger dan 100◦C Mn atomen ge¨ıncorporeerd worden in het Fe(001) opper-
vlak. De fractie van plaatsverwisselde Mn atomen stijgt met de groeitemperatuur.
Verder is het aangetoond dat tot een groeitemperatuur van 200◦C alle gedeponeerde
Mn atomen in de oppervlaktelaag blijven. Hoewel op de eilanden een lokale c(2× 2)
structuur, die gerelateerd is aan een geordende MnFe legering, wordt waargenomen,
is een ordening op grotere schaal niet gevonden voor de bestudeerde groeitempera-
turen en bedekkingen. Na een zorgvuldige deconvolutie van de naald-afhankelijke
achtergrond, detecteert STS oppervlaktetoestanden bij +0.35 eV op de pure p(1× 1)
Mn gebieden en bij +0.25 eV op de c(2× 2) MnFe gelegeerde gebieden. Helaas werd
er geen dubbele piek of een ander voor een Mn atoom kenmerkende structuur waar-
genomen in de dI/dV -krommen die gemeten werden op de ge¨ısoleerde Mn atomen
in het Fe(001) oppervlak. Ook zijn STS resultaten gepresenteerd die verkregen zijn
op dikkere Mn films. De waarneming van een met laagdikte oscillerend contrast in
dI/dV -afbeeldingen kan verklaard worden door aan te nemen dat de naald bedekt is
met een aantal laagjes van een magnetisch materiaal (Mn of Fe). De mogelijkheid
om de gecompliceerde magnetische structuur van dit systeem te doorgronden met
spin-gepolarizeerde STM is besproken.
Hoofdstuk 6 beschrijft de groei van Au op Fe(001). Het doel is te zien hoe de
oppervlaktetoestand van Fe(001) be¨ınvloed wordt na bedekking met een submono-
laag Au. Een tweede doel is om de vreemde structuren die waargenomen worden
na groei van een aantal monolagen bij hoge substraat temperaturen (100–200◦C) te
verklaren. Ondanks de onmengbaarheid van Au in bulk Fe tonen chemisch opgeloste
STM-afbeeldingen dat bij groeitemperaturen hoger dan 100◦C Au atomen opgeno-
men worden in de Fe(001) oppervlakte laag. Op hetzelfde moment worden gemengde
eilanden gevormd. In tegenstelling tot op de pure Au eilanden waar de Fe(001) op-
pervlaktetoestand volledig is gesmoord is op de ongeordend gemengde eilanden een
opwaartse verschuiving van de oppervlaktetoestand waargenomen. In het bijzonder
wordt een piek tussen +0.55V en +0.75V gevonden in de dI/dV -krommen die geme-
ten zijn op de homogeen ongeordende oppervlaktelaag die gevormd wordt na groei van
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0.5ML Au bij ongeveer 200◦C. Bij de bestudeerde groeitemperaturen en bij bedekking
tot ongeveer 0.5ML blijven alle Au atomen op het oppervlak. Meer bedekking leidt
tot ontmenging die in combinatie met een niet perfecte laag-voor-laag groei resulteert
in een ruw grensvlak. Door het grote verschil in laagdiktes van fcc Au(001) en bcc
Fe(001) kunnen de effecten van het ruwe grensvlak zelfs na bedekking met een dikke
Au film nog gezien worden op het oppervlak.
In hoofdstuk 7 wordt de gelokaliseerde dz2 oppervlaktetoestand van een ander
bcc(001) oppervlak, i.e. V(001), bestudeerd met STS. Op kleine schone V(001) ge-
biedjes wordt een intensieve piek in de dI/dV -krommen gedetecteerd. Deze piek ligt
0.03V beneden het Fermi-niveau. In analogie met ge¨ısoleerde zuurstofverontreini-
gingen op het Fe(001) oppervlak verschuiven ge¨ısoleerde koolstofverontreinigingen op
het V(001) oppervlak de oppervlaktetoestand naar een 0.05 eV hogere energie. Er
worden ook sterke aanwijzingen gevonden voor een piekverbreding rond de veront-
reinigingen. In tegenstelling tot wat waargenomen is op het Fe(001) oppervlak heb-
ben monoatomaire stappen op het V(001) oppervlak geen significante invloed op de
oppervlaktetoestand. Aangezien de V(001) oppervlaktetoestand dicht bij het Fermi-
niveau ligt, kunnen dI/dV -metingen bij kleinere afstanden tussen naald en oppervlak
(i.e. kleinere tunnelweerstanden) worden uitgevoerd. Deze metingen tonen aan dat
de oppervlaktetoestand tot bij de kleinste bestudeerde tunnelweerstand van 1 MΩ
niet wordt be¨ınvloed door de naald van de STM. Op de kleine c(2 × 2) gebiedjes
die ontstaan bij hogere koolstof (en zuurstof) concentraties wordt een dI/dV -piek
gemeten bij +0.75V. Op de zuurstof-ge¨ınduceerde (1 × 5) reconstructie van V(001)
wordt op de gebieden tussen de zuurstofrijen een piek gemeten bij een gelijksoor-
tige energie (+0.63V). Op de zuurstofrijen zelf wordt een piek gevonden bij +0.91V.
De experimenteel gevonden trends worden vergeleken met berekende resultaten voor
koolstof-bedekte geometrie¨en.
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Voor niet-natuurkundigen
Na de uitvinding van de optische microscoop door Antonie van Leeuwenhoek (1632–
1723) zijn mensen zich steeds meer gaan verdiepen in de microscopische wereld: een
wereld die niet zichtbaar is met het blote oog. Met behulp van licht en lenzen is het
mogelijk structuren tot ongeveer 0,2 micrometer (100 keer kleiner dan de dikte van
een haar) te herkennen. Dit heeft in de biologische en medische wetenschap tot veel
nieuwe inzichten geleid.
Dit proefschrift gaat over mijn onderzoek met o´o´k een microscoop: de Scanning
Tunneling Microscoop (STM). Met deze microscoop zijn zeer kleine details te zien.
Zelfs atomen die 100.000 kleiner zijn dan de dikte van een haar kunnen zichtbaar
worden gemaakt. Hierdoor is het mogelijk om met de STM oppervlakken van nieuwe
materialen te onderzoeken. Men kan namelijk zien hoe de atomen zich rangschikken
wanneer het oppervlak van een materiaal wordt bedekt met atomen van een ander
materiaal. De zo gevormde structuren kunnen vervolgens in relatie worden gebracht
met andere materiaaleigenschappen zoals elektrische geleiding of magnetisme.
De gelaagde structuren die op bovenstaande manier ontstaan, zijn in de industrie
de bouwstenen voor hedendaagse producten als videokoppen, harde schijven, chips
voor de computer, etc. Aangezien men de afmeting van deze artikelen steeds kleiner
wenst te maken en de kwaliteit wil verbeteren, zal de rol van de atomaire structuren
belangrijker worden. Een atoom dat niet op de “goede” plaats zit, kan de werking
van zo’n product nadelig be¨ınvloeden. De STM is het meest geschikte instrument om
naar de ligging van de atomen te kijken.
Behalve dit materiaalonderzoek door natuurkundigen wordt deze microscoop ook
steeds meer gebruikt door biologen en scheikundigen om bijvoorbeeld DNA te bekijken
of reacties tussen twee moleculen te bestuderen.
Hoe werkt de Scanning Tunneling Microscoop?
De STM maakt geen gebruik van licht en lenzen. Zijn werking berust op een geheel
ander principe: het tunneleffect. Tot de jaren twintig van de vorige eeuw dacht men
dat het oppervlak van een stroomdraad zich gedraagt als een wand zodat de elektro-
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nen1 binnen de draad blijven. Een lamp zal gaan branden als hij wordt aangesloten
op de stroomdraad en uitgaan wanneer de stroomdraad wordt doorgeknipt. Theore-
tische natuurkundigen, met name Erwin Schro¨dinger en Werner Heisenberg, dachten
hier anders over. Dit leidde tot een nieuwe theorie: de kwantummechanica. Volgens
deze theorie hebben de elektronen een geringe kans om een heel klein beetje buiten de
draad op verkenning te gaan. Ze kunnen overspringen (tunnelen) van het ene uiteinde
van de doorgeknipte draad naar het andere, zodat er een stroom kan blijven lopen en
de lamp dus blijft branden.
De tunnelstroom hangt sterk af van de afstand tussen de twee draadeinden en
is verwaarloosbaar indien deze afstand groter wordt dan circa tien atoomdiameters.
Op deze eigenschap berust de werking van de STM. Een scherpe naald wordt heel
dicht bij een te onderzoeken oppervlak gebracht. Nadat vervolgens een spanning
van hoogstens 1 Volt is aangelegd, kan een klein tunnelstroompje worden gemeten.
Wanneer de naald over een oneffen oppervlak wordt bewogen (scannen), zal de stroom
veranderen. Beweegt de naald over een verhoging dan neemt de afstand tussen naald
en oppervlak af en neemt de stroom toe. Indien de naald over een verlaging beweegt,
neemt de afstand toe en neemt de stroom af. Een regelsysteem2 zorgt ervoor dat de
stroom constant blijft door de naald terug te trekken als de stroom toeneemt (boven
een verhoging) of naar het oppervlak toe te bewegen als de stroom afneemt (boven
een verlaging)3. De naald volgt dus de contouren van het oppervlak met atomaire
nauwkeurigheid. De bewegingen van de naald worden door een computer geregistreerd
en op een beeldscherm zichtbaar gemaakt.
Doordat hele kleine stroompjes worden gemeten en de bewegingen van de naald
kleiner zijn dan de diameter van een atoom zijn metingen met een STM zeer gevoelig
voor factoren van buitenaf. Zo kunnen trillingen van gebouwen en elektronische ruis
de metingen behoorlijk verstoren. De Zwitsers Heinrich Rohrer en Gert Binnig van
IBM Zu¨rich waren de eerste die er in 1981 in slaagden een goed werkende STM te
bouwen, waarmee ze atomen konden waarnemen. In 1985 ontvingen ze hiervoor de
Nobelprijs.
Een groot gedeelte van mijn promotieonderzoek heb ik besteed aan het opbouwen
van een perfect werkende, trillingsvrije STM-opstelling en het oplossen van gerela-
teerde technische problemen. Dit alles staat beschreven in hoofdstuk 2.
Om een oppervlak goed te kunnen onderzoeken is vereist dat het schoon is, want
ook verontreinigingen kunnen de metingen verstoren en de interpretatie hiervan com-
pliceren. In dit proefschrift heb ik metingen beschreven aan ijzer- en vanadiumop-
1De negatief geladen deeltjes die gaan stromen wanneer met behulp van een batterij spanning
wordt aangebracht tussen de twee uiteinden van de draad.
2Vergelijkbaar met een thermostaat in huis: de ketel gaat branden als de temperatuur lager is
dan een vooraf ingestelde waarde en stopt met branden als de temperatuur hoger is.
3Hiervoor worden pie¨zo-materialen gebruikt. Deze materialen hebben de eigenschap dat ze uit-
zetten/inkrimpen als er een elektrische spanning op komt te staan. Een bekend voorbeeld is het
quartz-kristalletje in horloges.
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pervlakken. Deze oppervlakken zijn zeer reactief. Een ideaal schoon ijzeroppervlak is
in lucht binnen een seconde totaal verroest. Om deze oppervlakken schoon te maken
en te houden is de STM in een afgesloten roestvrijstalen ketel geplaatst die vacuu¨m
is gepompt (Fig. 2.2 in hoofdstuk 2). In deze ruimte bevinden zich nog maar weinig
luchtdeeltjes, zodat de te onderzoeken oppervlakken zeker e´e´n dag schoon kunnen blij-
ven. De oppervlakken worden in deze ruimte schoongemaakt door ze met argonionen4
te beschieten. Verontreinigingen zoals zuurstofatomen worden van het oppervlak weg-
geslagen. Dit wordt sputteren genoemd. Na al deze argoninslagen ziet het oppervlak
er uit als een maanlandschap. Om het oppervlak weer mooi vlak te krijgen, moet het
verwarmd worden tot ongeveer 700◦C. Bij deze temperatuur gaan de atomen bewe-
gen, zoeken de laagste punten op en dichten de gaten in het oppervlak. Een nadeel
is dat door deze verhitting ook ongewenste atomen, bijvoorbeeld zuurstofatomen die
onder het oppervlak liggen, gaan bewegen, richting oppervlak trekken en dit opnieuw
verontreinigen. Wederom moet er gesputterd worden en weer moet er verwarmd wor-
den. Om het oppervlak uiteindelijk voldoende schoon te maken voor onderzoek moet
er soms wel dagen, zo niet weken gesputterd en verwarmd worden. In hoofdstuk 3 heb
ik deze schoonmaakprocedure beschreven.
Mijn onderzoek: Identificatie van atomen met de STM
Een STM mag dan wel atomen kunnen “zien” (Fig. 6.2), maar of het bijvoorbeeld
ijzer-, mangaan-, goud- of vanadiumatomen zijn, blijft onduidelijk. Het linker plaatje
van Fig. 1 toont een STM afbeelding van het ijzeroppervlak nadat het bij kamertem-
peratuur voor 20% is bedekt met mangaan. Het linker gedeelte ligt een atoomlaag
hoger dan het rechter gedeelte. De scheidingslijn tussen deze twee vlakken wordt een
stap genoemd. Dergelijke stappen zijn ook zichtbaar op puur ijzeroppervlak. Verder
zijn ronde en vierkante eilandjes te zien nadat het ijzeroppervlak met mangaan is
bedekt. Daarom dacht men aanvankelijk dat de eilandjes uit mangaanatomen be-
staan. Dit hoeft niet altijd zo te zijn, want op het oppervlak kunnen de mangaan- en
ijzeratomen van plaats verwisselen.
In mijn onderzoek heb ik gekeken of het mogelijk is om met de STM de verschil-
lende soorten atomen te herkennen. Indien de naald van de STM boven een eilandje
of vlak wordt stilgezet en men de spanning verandert, varieert de tunnelstroom ook
(rechter plaatje Fig. 1). Tijdens mijn onderzoek bleek dat je op deze manier voor
bepaalde materialen een eigen kenmerkende stroom-spanningsvariatie5 kunt waarne-
men. In Fig. 1 is duidelijk te zien dat mangaan en ijzer zich verschillend gedragen.
4Argon is een edelgas en zal dus niet met oppervlakken zoals die van ijzer reageren. Ionen zijn
geladen atomen: doordat de deeltjes geladen zijn kunnen ze versneld worden in een elektrisch veld.
Bij een botsing zal een snelle auto voor meer brokstukken zorgen dan een langzame.
5De ge¨ınteresseerde lezer zal echter merken dat er in het hele proefschrift maar een stroom-
spannings grafiekje voorkomt (Fig. 4.5). In plaats daarvan worden grafiekjes getoond die de snelheid
waarmee de stroom per spanningseenheid verandert aangeven. Het voordeel van deze grafiekjes
is dat pieken zichtbaar worden bij een bepaalde spanning die karakteristiek is voor een bepaald
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Figuur 1: Links: STM-afbeelding van het ijzeroppervlak na bedekking met man-
gaan. Op het plaatje zien we hoogteverschillen: wit is hoog, zwart laag. De eilan-
den op de vlakken zijn pas zichtbaar na de bedekking. De vlakken zijn gescheiden
door een stap. Het streepje geeft de grootte van 10 atomen weer. Rechts: De op
de eilanden en vlakken gemeten variatie van tunnelstroom (vertikale as) bij varia-
tie van de aangelegde spanning (horizontale as). De spanning is in Volt, de stroom
in 0.000 000 001 Ampe`re. Mangaan (Mn) en ijzer (Fe) gedragen zich duidelijk
verschillend.
Zo kon ik dus de ijzer- en mangaanatomen duidelijk onderscheiden. Bovendien bleek
uit mijn onderzoek dat de eilandjes steeds meer ijzeratomen bevatten, wanneer het
ijzeroppervlak bij hoge temperaturen met mangaan wordt bedekt (hoofdstuk 5).
De opdracht van mijn onderzoek was om de identificatiemethode nader te bestu-
deren. Kan deze methode gebruikt worden als er een verontreiniging in de buurt is?
Oefent de naald of de afstand van de naald tot het oppervlak een invloed uit op de
meting? Is deze manier van identificeren ook mogelijk als de atomen een beetje van
hun plaats verschuiven? Op deze en andere gerelateerde vragen heb ik geprobeerd
antwoorden te vinden die voor ijzer beschreven staan in hoofdstuk 4 en voor vanadium
in hoofdstuk 7. Uiteindelijk heb ik de spanningsvariatie-methode succesvol toegepast
om de bedekking van het ijzeroppervlak met mangaan (hoofdstuk 5) en met goud
(hoofdstuk 6) bij verschillende temperaturen te bestuderen.
materiaal. Deze pieken zijn gerelateerd aan zogenaamde oppervlaktetoestanden (surface states) die
door theoreten berekend kunnen worden.
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